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I n t r o d u c t i o n  

I n  1957 I advanced some sugges t ions  i n  regard  t o  t h e  o r i g i n  of t h e  s o l a r  

system (Urey, 1957). The approach t o  t h e  problem w a s  no t  from a fundamental 

theory  f o r  the  development of a s t a r  w i t h  a family of p l a n e t s  based on 

fundamental p r i n c i p l e s .  An attempt w a s  made t o  make p o s t u l a t e s  n o t  i n  

v i o l a t i o n  of phys ica l  p r i n c i p l e s  and i n  f a c t  supported by such p r i n c i p l e s  

which would o f f e r  p o s s i b l e  and even probable  exp lana t ions  f o r  t h e  evidence 

recorded i n  t h e  m e t e o r i t e s  and p l ane t s .  Some of t h i s  evidence,  and probably 

t h e  most d e f i n i t e ,  is of  a chemical or phys ica l  chemical character. Most of 

t h e  phys ica l  events  dur ing  t h e  o r i g i n  of t h e  s o l a r  system, e.g., t h e  l i g h t ,  

heat,  c o l l i s i o n s ,  d i s s i p a t i o n  of gas ,  magnetic f i e l d s ,  high energy p a r t i c l e s ,  

are gone without  a trace, but  some b i t s  of evidence remain, many of which are 

of th is  chemical or phys ica l  cha rac t e r .  Among these ,  an important  one seemed 

t o  be t h e  presence of diamonds in  some of t h e  me teo r i t e s ,  and t h e  course  of 
? ;.:, .- 

events pos tu l a t ed  the temporary ex i s t ence  of o b j e c t s  l a r g e  enough M r w i d e  
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t h e  p re s su re  needed t o  produce diamonds. 

b a s i s  of g r a v i t a t i o n a l  i n s t a b i l i t y  i n  a s o l a r  nebula ,  and these su&e&,a 
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Two papers  appeared which bore i n  an important  n e g a t i v e  way off' the@ 
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'mchanism f o r  producing t h e  required tempera ture  and p res su res .  E;-'Z -L -2 

sugges t ions .  F i sh ,  Goles and Anders (1960) proposed t h a t  sho r t - l i ved  

r a d i o a c t i v e  elements  i n  small ob jec t s  of a s t e r o i d a l  s i z e  w e r e  the  source  of 

heat t h a t  melted m e t e o r i t i c  materials. T h i s  w a s  fol lowed by t h e  d iscovery  of 

* This  paper w a s  f i r s t  presented  a t  t h e  Nat iona l  Academy of Sc iences  meeting, 
Washington, D. C., A p r i l  29, 1964. 
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X e  12' anom l i e s  i n  me teo r i t e s  by Reynolds e t  a l .  (1963) which seemed t o  

conf i rm t h e  work of Fish  et a l .  The idea  t h a t  sho r t - l i ved  r a d i o a c t i v e  

elements ,  i .e . ,  A 1  , were responsible  f o r  me l t ing  m e t e o r i t e s  w a s  an o ld  one 

of mine but w a s  not  developed for reasons t h a t  w i l l  be presented  aga in  i n  

t h i s  paper and w h i c h  s t i l l  seem val id  t o  me.  Again, Lipschutz  and Anders 

(1961) presented  reasons f o r  be l iev ing  t h a t  diamonds i n  m e t e o r i t e s  w e r e  

produced e n t i r e l y  by c o l l i s i o n s  of meteor i tes  w i t h  t h e  ear th  or dur ing  t h e i r  

p r e t e r r e s t r i a l  h i s t o r y ,  and  this paper w a s  followed by t h e  work of D e  C a r l i  

and Jamison (1961) i n  which diamonds were produced by shock pressures .  This 

work was most impressive and seemed  t o  s e t t l e  t h e  ques t ion .  During t h e  y e a r s  

fo l lowing  t h i s  work, t h e  i n t e r e s t  i n  t h e  sugges t ions  i n  regard t o  t h e  o r i g i n  

of t h e  s o l a r  system dec l ined  considerably though n e i t h e r  of t h e s e  two papers  

disproved t h e  p o s t u l a t e s  made. 

c e r t a i n  f a c t s  i n  a way t h a t  appears  t o  be more accep tab le  t o  many people.  

26 

They only  presented  ways of account ing  for 

What w a s  a t tempted i n  t h e  paper of 1957 and i n  subsequent d i s c u s s i o n s  

as w e l l  as t h e  p re sen t  paper i s  a r a t h e r  c o n s i s t e n t  h i s t o r y  account ing  f o r  

many chemical and phys ica l  b i t s  of evidence r e l a t i v e  t o  t h e  o r i g i n .  I t  is 

not  complete,  of course ,  but  i t  does a t tempt  t o  avoid p o s t u l a t e s  i n c o n s i s t e n t  

w i t h  o t h e r  l i n e s  of evidence. Sol id  o b j e c t s  must have accumulated without  

g r e a t  l o s s  of c e r t a i n  v o l a t i l e  elements.  Melting of these o b j e c t s  aga in  

without  loss of these elements  must have occurred.  Probably diamonds mst 

have formed and been destroyed.  Ce r t a in  h ighly  reduced materials occur  i n  

t h e  me teo r i t e s  and some evidence for such materials on t h e  moon e x i s t s .  The 

h igh  d e n s i t y  e lements  appear  t o  be more concent ra ted  i n  t h e  p l a n e t s  t h a n  i n  

t h e  sun,  and hence t h e  o r i g i n  of these  o b j e c t s  and the  moon, which appears  

t o  be more nea r ly  of s o l a r  composition than  the terrestrial  p l a n e t s ,  are 

import a n t  p r ob 1 e m s  . 
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PART I. C r i t i c a l  Evidence. 

C e r t a i n  l i n e s  of evidence which appear  t o  be c r i t i c a l  w i l l  be presented 

and then  an o u t l i n e  of some t h e o r e t i c a l  c a l c u l a t i o n s  and a series of even t s  

which accounts  f o r  these c r i t i c a l  b i t s  of evidence fol lows.  

1. Urey (1953) poin ted  out t h a t  c e r t a i n  e lements ,  cadmium, z i n c ,  and 

p a r t i c u l a r l y  mercury, a r e  comparatively v o l a t i l e ,  and argued t h a t  t h e  earth 

w a s  no t  formed a t  high temperatures s i n c e  these elements  w e r e  n o t  h igh ly  

concent ra ted  i n  t h e  s u r f a c e  reg ions  of t h e  ear th .  Also it can be argued t h a t  

t h e  s o l i d  ma te r i a l  of t h e  ear th  and a l s o  m e t e o r i t e s  w a s  no t  separa ted  from the  

s o l a r  component of gases  a t  high temperatures ,  f o r  i n  t h i s  case  these elements  

should have been l a r g e l y  l o s t  which q u i t e  c e r t a i n l y  i s  n o t  t h e  case.  The 

material of the  ear th  and me teo r i t e s  must have been sepa ra t ed  from t h i s  

gaseous f r a c t i o n  at no higher  temperature than tha t  of t h e  present  ear th ,  and 

subsequent h e a t i n g  processes  must have occurred i n  such a way t h a t  e x t e n s i v e  

l o s s  of these elements  could  n o t  occur,  e.g. ,  i n  l a r g e  masses. Of course ,  

h igh  tempera ture  p rocesses  could have occurred but  t h e  s e p a r a t i o n  of gases  

could not  have occurred when t h e  s o l i d s  were a t  high temperature  and f i n e l y  

d iv ided  . 
2. Diamonds and pseudomorphs of diamonds i n  meteor i tes .  

The ques t ion  of t h e  e x i s t e n c e  of diamonds i n  m e t e o r i t e s  produced by s t eady  

p r e s s u r e  and n o t  by shock p res su re  i s  important because it enab le s  us t o  f i x  

p re s su res  and temperatures  a t  some s t a g e  of t h e i r  h i s t o r y .  Whether shock- 

produced diamonds are p resen t  is not  important  f o r  ou r  p re sen t  purposes.  

Yaidinger  and Pa r t sch  (1846) and l a t e r  S rez ina  (1889) observed c u b i c  forms of 

g r a p h i t e  i n  t h e  Magura i ron ,  and Rose (1863,1873) suggested t h a t  they w e r e  

pseudomorphs of diamond. F l e t c h e r  (1887) a l s o  observed g r a p h i t i c  cubes f rm 

Youndegin me teo r i t e  and named them c l i f t o n i t e .  

form, but Huntington (1894) found cubo-octahedrons and o t h e r  forms inc lud ing  

Mostly these are cubic  i n  
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a s k e l e t o n  octahedron 3/8 inches i n  dimensions, Cohen and Weinschenk (1891) 

found cubes and occasional  octahedra i n  Toluca. Fa r r ing ton  (1915) g ives  a 

complete review of t h e  o l d e r  work. Recently,  Frondel (1964) has found 

c l i f t o n i t e  i n  many i r o n s ,  and, by e t ch ing  t h e  m e t a l  away, has  found masses of 

c l i f t o n i t e  forms w i t h  t h e  cubes l i ned  up over an  e n t i r e  mass of g r a p h i t e  as 

it occur s  i n  nodules i n  i r o n  me teo r i t e s .  H e  has  a l s o  found i s o l a t e d  cubo- 

octahedra.  Experienced m e t a l l u r g i s t s  ag ree  t h a t  t h e s e  forms resemble diamonds 

i n  appearance,  and have expressed the view t o  t h i s  w r i t e r  t h a t  a c o n s e r v a t i v e  

v i e w  i s  t h a t  these  o b j e c t s  are pseudomorphs of diamond. I t  seems most 

improbable t h a t  the o r i g i n a l  diamonds could have been produced by shock p r e s s u r e s .  

Lipschutz  and Anders (1964) have suggested t h a t  c l i f t o n i t e  is  a pseudo- 

morph a f t e r  Fe C which is cubic.  However, Frondel f i n d s  n o  i r o n  i n  c l i f t o n i t e ,  

and it would be s u r p r i s i n g  t h a t  a l l  t h e  i r o n  would be removed. 

might be expected t o  produce Fe C ( c o h e n i t e ) .  Cohenite i s  found i n  i r o n  

m e t e o r i t e s  under such c o n d i t i o n s  t h a t  it appears  t o  have formed under me tas t ab le  

4 

Also,  Fe4C - 
3 

c o n d i t i o n s  when t a e n i t e  ( face-centered n i c k e l  i r o n )  r e c r y s t a l l i z e d  as kamacite 

(body-centered n i c k e l  i r o n ) .  A most unusual series of e v e n t s  must be assumed 

i f  c l i f t o n i t e  is  a pseudomorph a f t e r  Fe C. T h i s  Fe C formed, t hen  g r a p h i t e  

formed from t h i s  without forming Fe3C which appears t o  be t h e  s t a b l e  form above 

7OO0C, even though Fe C probably did form me tas t ab ly  below 7OOOCI 

c a r b i d e  ( S i c )  i s  cub ic  bu t  Frondel f i n d s  no s i l i c o n  i n  c l i f t o n i t e ,  and 

4 4 

S i l i c o n  
3 

elementary s i l i c o n  is  n o t  r epor t ed  i n  t h e  o c t a h e d r i t e s  i n  which c l i f t o n i t e  i s  

found. A cons ide rab le  expansion when diamond is converted t o  g r a p h i t e  should 

occur,  b u t  no s t r a i n s  are observed i n  t h e  metal surrounding t h e  c l i f t o n i t e .  

Xowever, t h e  s t r u c t u r e  of the  o c t a h e d r i t e s  shows t h a t  t hey  were o r i g i n a l l y  

very l a r g e  c r y s t a l s  of t a e n i t e ,  since o f t e n  an  e n t i r e  m e t e o r i t e  shows t h e  
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symmetry of a l a r g e  oc t ahedra l  c r y s t a l .  Hence a l l  s t r a i n s  could have been 

removed without  d i f f i c u l t y  du r ing  the  format ion  of such la rge  c r y s t a l s .  

predominantly cubic  forms of c l i f t o n i t e  c o n t r a s t e d  wi th  t h e  predominantly 

oc t ahedra l  forms of diamond i s  d i s t u r b i n g ,  bu t  both forms occur  i n  both  

m e t e o r i t i c  diamonds and c l i f t o n i t e .  

predominantly cub ic  diamonds and hence both oc t ahedra l  and cub ic  terrestrial 

diamonds are w e l l  known.* It  is l i k e l y  t h a t  i m p u r i t i e s  determine t h e  

The 

The Bushimaie mine of t h e  Congo produces 

~ ~~ 

* I a m  indebted t o  Prof .  Ramdohr f o r  c a l l i n g  t h i s  f a c t  t o  my a t t e n t i o n .  

c r y s t a l l i n e  form of diamond. Generally,  oc t ahedra l  diamonds are more common 

and probably are t h e  more s t a b l e  form.  

cub ic  forms have been more genera l ly  formed and completely des t royed  i n  

me teo r i t e s .  

It appears  t h a t  t h e  more u n s t a b l e  

Diamonds were f i r s t  r epor t ed  i n  t h e  Novo-Urei s tone  me teo r i t e  by J e r o f e j e f f  

and Latschinof f  (1888) and diamonds have been r epor t ed  i n  two o t h e r  u r e i l i t e s ,  

Goalpara (Urey et a l . ,  1957) and Dyalpur (Lipschutz ,  1962). L ipschutz  (1964) 

ma in ta ins  t h a t  t h e s e  could have been produced by shock p res su res .  I n  t h i s  case 

they  are of no i n t e r e s t  here. Weinschenk (1889) f i r s t  observed diamonds i n  t h e  

Magura i ron .  Other d i s c o v e r i e s  followed. The diamonds are mostly very s m a l l  

and are whi te  or black ,  and such diamonds are hard ly  r e l i a b l y  d i a g n o s t i c  wi th  

r e s p e c t  t o  t h e  ques t ion  of high s teady p res su res .  But small well-formed diamonds 

have been repor ted  as w e l l ,  and such diamonds wi th  t h e  c h a r a c t e r i s t i c  f a c e s  of 

diamonds could ha rd ly  have been produced by shock p res su res .  Thus, Huntington 

(1894) i s o l a t e d  diamond powder from Canyon Diablo and found some whi te  oc tahedra .  

Foote  (1891) r e p o r t s  t h a t  Koenig i so l a t ed  a whi te  octahedron about  0.5 mm i n  

s i z e  i n  Canyon Diablo.  Moissan (1904) found many f i n e l y  d iv ided  diamonds and 

some of rounded oc tahedra l  forms from a 53 kg sample o f  Canyon Diablo. Recent ly ,  

Kennedy and Carter (1964) have pol ished t h e  diamonds i n  t h e  Canyon Diablo i r o n  
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as they are embedded i n  g r a p h i t e ,  and main ta ins  t h a t  a l l  the  diamonds show 

from t h e i r  morphological s t r u c t u r e  t h a t  a l l  were e x t r a t e r r e s t r i a l  i n  o r i g i n  

and were p a r t l y  destroyed by e tch ing  t o  g r a p h i t e  and w e r e  no t  produced by 

shock pressures .  Moreover, they  have found diamonds i n  a specimen which 

showed no s i g n s  of having been heated t o  high temperatures  by shock e f f e c t s .  

Thus s e v e r a l  obse rve r s  of r e l i a b l e  s c i e n t i f i c  s t a t u r e  wi thout  any s p e c i a l  

reasons f o r  being pre judiced ,as  i s  the case f o r  some modem reviewers of 

the s u b j e c t ,  e . g . ,  the p r e s e n t  writer,  but a l s o  o t h e r s ,  have r epor t ed  

m e t e o r i t i c  diamonds of such s i z e  and c r y s t a l l i n e  shape t h a t  they could hard ly  

have been produced by shock pressures .  

- 
- 

What appears  t o  be  a reasonable conclus ion  i s  t h a t  diamonds of s i z e s  

less than  1 mm and of good c r y s t a l l i n e  form and c o l o r  occur  r a r e l y  i n  i r o n  

me teo r i t e s .  Product ion of such material and i t s  p rese rva t ion  w a s  marginal.  

The pa ren t  of c l i f t o n i t e ,  presumably diamond, was produced most ly  i n  small 

cubic  forms though occas iona l ly  i n  oc tahedra  and o the r  forms and w a s  

des t royed  w h i l e  some diamonds do  remain, so t h a t  t h e  d e s t r u c t i o n  w a s  a l s o  

marginal .  T h i s  i n d i c a t e s  t h a t  temperature ,  p ressure  and t i m e  w e r e  ba re ly  

s u f f i c i e n t  t o  produce and des t roy  diamonds. 

3. C e r t a i n  m e t e o r i t i c  d a t a .  

Much has been w r i t t e n  on meteor i tes  and re ference  i s  made t o  Fa r r ing ton  (1915) 

and Mason (1962) f o r  t h e  genera l  d i scuss ion  of t h e  s u b j e c t .  I n  t h i s  paper  

only a few p o i n t s  i n  regard t o  t h e  s t r u c t u r e  and composi t ion which I b e l i e v e  

are ra ther  c r u c i a l  f o r  t h e  problem of t h e  o r i g i n  of m e t e o r i t e s  and t h e  solar 

system w i l l  be d iscussed .  V e r y  l i t t l e  evidence i n  regard t o  t h e  phys i ca l  

cond i t ions  f o r  me teo r i t e  o r i g i n  e x i s t s ,  simply because t h e  phys ica l  even t s  are 

long p a s t  and t h e  phys i ca l  surroundings of o r i g i n  are no t  e v i d e n t  i n  an o b j e c t  

l y i n g  on a museum s h e l f .  Hence w e  should t r y  t o  conserve w h a t  l i t t l e  phys ica l  

evidence e x i s t s  and no t  d i s c a r d  i t  l i g h t l y .  



The i r o n  me teo r i t e s  c o n s i s t  of i r o n  and s i d e r o p h i l e  e lements ,  i .e.,  from 

about  5 t o  60 pe r  cen t  of n i c k e l ,  some 0.5 - 1.0 p e r  cent  of c o b a l t ,  and 

smaller amounts of o t h e r  elements.  The o c t a h e d r i t e s  are so  named because 

p l a t e s  of kamacite (body-centered cubic l a t t i c e )  are ar ranged  on oc tahedra l  

faces,  w i t h  t a e n i t e  ( face-centered  cubic  l a t t i c e )  between these p l a t e s .  A t  

one time some of these o b j e c t s  w e r e  s i n g l e  l a r g e  c r y s t a l s  of t a e n i t e  w h i c h  

s lowly cooled w i t h  kamacite c r y s t a l l i z i n g  from t h e  t a e n i t e .  This r e q u i r e s  

t h a t  n i c k e l  and i r o n  d i f f u s e d  from one c r y s t a l  t o  t h e  o t h e r ,  n i c k e l  becoming 

more en r i ched  i n  t h e  t a e n i t e .  DiffusLon i s  s lower i n  t h e  t a e n i t e ,  and n icke l -  

r i c h  bo rde r s  of t h e  t a e n i t e  c r y s t a l s  are formed. The e n t i r e  p a t t e r n  shows 

t h a t  slow coo l ing  of a metal  mass occurred. These f e a t u r e s  have been d i s -  

cussed by many au tho r s  and a r e  w e l l  recognized.  Uhlig (1954) has d i scussed  

t h i s  s u b j e c t  and a l s o  drawn a t t e n t i o n  t o  a d i f f i c u l t y  i n  unders tanding  the 

s t r u c t u r e  of t h e  n i c k e l - r i c h  a t a x i t e s .  I f  t h e  n i c k e l  c o n t e n t  of a n  i r o n  

m e t e o r i t e  exceeds about 14 p e r  c e n t ,  n u c l e a t i o n  o f  t he  kamacite i n  t h e  t a e n i t e  

does  n o t  occur ,  whereas t h i s  f a i l u r e  t o  n u c l e a t e  i s  not observed i n  t h e  

l a b o r a t o r y  u n l e s s  t h e  n i c k e l  conten t  i s  g r e a t e r  t h a n  about 30 pe r  cen t .  Uhlig 

a rgues  t h a t  h igh  p r e s s u r e s  would lower t h e  tempera ture  a t  which kamacite 

s e p a r a t e s  from t a e n i t e  w i t h  14 p e r  cent n i c k e l  a t  low p r e s s u r e ,  t o  t h a t  

tempera ture  a t  which t h i s  s epa ra t ion  occurs  from taeni te  w i t h  30 per  c e n t  

n i c k e l .  H i s  es t imated  p r e s s u r e  i s  some 50-100 k i l o b a r s .  Probably nuc lea t ion  

i s  i n h i b i t e d  by p r e s s u r e  as w e l l  as low tempera ture ,  and hence much lower 

p r e s s u r e s  than  he estimates may be s u f f i c i e n t  t o  produce t h i s  e f f e c t .  

The i r o n  m e t e o r i t e s  i n d i c a t e  t h a t  very  slow coo l ing  occurred  and t h a t  

some undetermind high p r e s s u r e s  a r e  requi red .  The Widmansttftten f i g u r e s  w e r e  

produced i n  t h e  neighborhood of 300-500°C d u r i n g  t i m e s  e s t a b l i s h e d  from 

m i l l i o n s  t o  hundreds of m i l l i o n s  of yea r s  (Uhlig,  1954; Urey, 1956). Increased  

p r e s s u r e s  are i n d i c a t e d ,  bu t  i t  is  d i f f i c u l t  t o  propose c o n d i t i o n s  t h a t  w i l l  
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s imul taneous ly  provide t h e  high pressures  proposed by Uhlig and t h e  low 

tempera tures  ( r ~ 3 0 0 " C )  requi red  by t h e  phase diagrams, because t h e  c e n t e r s  

of large o b j e c t s ,  such as t h e  moon, w i l l  no t  cool  from t h e  mel t ing  p o i n t  of 

i r o n  t o  low temperatures  even i t 1  4.5 b i l l i o n  yea r s .  

The i r o n  me teo r i t e s  have p rope r t i e s  i n d i c a t i n g  t h a t  they e x i s t e d  as 

r a t h e r  small o b j e c t s  i n  t h e  pa ren t  bodies,  and not  as p a r t s  of  large c o r e s  

of  p l ane ta ry  bodies .  Henderson and P e r r y  (1958) f i r s t  c a l l e d  a t t e n t i o n  t o  

t h i s  problem. The s u r f a c e  of G o m e  Creek me teo r i t e  e x h i b i t s  very deep h o l e s  

as compared t o  t h e i r  d iameters ,  and t h e s e  are no t  r e l a t e d  t o  t r o i l i t e  or o t h e r  

nodules  i n  i t s  body. No i n t e r n a l  c a v i t i e s  i n  i r o n  m e t e o r i t e s  have e v e r  been 

r epor t ed .  O t h e r  i r o n  me teo r i t e s ,  e.g. , Willamette, have l a r g e  c a v i t i e s  which 

might have been produced by tu rbu len t  gases  du r ing  f l i g h t  through t h e  atmosphere,  

bu t  t h i s  could hard ly  be t r u e  of those of Goose Creek. Henderson and Per ry  

argue t h a t  t h e s e  ho le s  were p resen t  before  they  a r r i v e d  on e a r t h ,  and p o i n t  

ou t  t h a t  h o l e s  of t h i s  k ind  could not be  produced by breakup of larger metal msses.* 

* Henderson presented  h i s  evidence for t h e  h o l e s  i n  i r o n  m e t e o r i t e s  b e f o r e  a 

group of as t ronomers ,  p h y s i c i s t s  a n d  chemis ts  a t  Williams Bay i n  November 1952. 

N. Nacht r ieb  suggested t h a t  they were due t o  t h e  usua l  sh r ink ing  of metal as 

it s o l i d i f i e s  and t h a t  t h e  p e c u l i a r  shapes as compared t o  t h e  t e r r e s t r i a l l y  

observed e f f e c t  w e r e  due t o  low g r a v i t a t i o n a l  f i e l d .  Some 12 y e a r s  later,  I 

p r e f e r  Nach t r i eb ' s  exp lana t ion  to  o thers  t h a t  have been o f fe red .  

If t h e  metal me teo r i t e s  come from metal masses not  g r e a t l y  larger than t h e  

i r o n  m e t e o r i t e s  which w e r e  formed as l i q u i d  masses below t h e  s u r f a c e  of an o b j e c t  

such a s  t h e  moon, i t  is p o s s i b l e  t o  say something about  t h e  melt ing and 

s o l i d i f i c a t i o n  process  and t o  suggest t h e  p rocesses  which formed t h e  c a v i t i e s  

i n  t h e  i r o n  meteor i tes .  A l i q u i d  metal mass, l y i n g  on s o l i d  s i l icates ,  i.e., 

o l i v i n e  of h igher  mel t ing  point  than i ron -n icke l ,  and covered wi th  si l icates,  

which were melted wi th  some s o l i d  o l i v i n e  i n  c o n t a c t  wi th  t h e  metal, would 
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begin t o  s o l i d i f y  from t h e  t o p  w i t h  some s o l i d  metal adhering t o  t h e  roof 

and some s ink ing  t o  t h e  bottom of t h e  mass. The t o p  could be a l a y e r  of 

m e t a l  and o l i v i n e ,  i . e . ,  p a l l a s i t e  material. The bottom would n o t  be smooth, 

but i r r e g u l a r .  A s  c o o l i n g  from t h e  upper l a y e r s  progressed,  c o n t r a c t i o n  of 

t h e  m e t a l  would occur  and c a v i t i e s  would probably form on t h e  bottom l a y e r  

due t o  t h i s  c o n t r a c t i o n , j u s t  as a dep res s ion  occurs  i n  tk t o p  i n  a cast  

i n g o t  of steel  or p i g  i r o n  coo l ing  from t h e  s i d e s .  Thus t h e s e  h o l e s  are 

probably e x a c t l y  what Dr. Nachtr ieb suggested.  

Other  evidence exist-s p o i n t i n g  t o  t h e  same conclusion.  P a l l a s i t e s  and 

p o s s i b l y  some o t h e r  s t o n e  me teo r i t e s ,  which c o n s i s t  of mixtures  of s i l i c a t e s  

and metal  i n  comparable p ropor t ions  by volume, appear  t o  be boundary r eg ions  

between metal m e t e o r i t e s  and s i l i c a t e  mater ia ls ,  and indeed one specimen of 

the  Brenham Township c o n s i s t s  of a t y p i c a l  o c t a h e d r i t e  and p a l l a s i t e  j o ined  

toge the r .*  The prevalance of boundaries of t h i s  kind i n d i c a t e s  t h a t  t h e  m e t a l  

Anders argues t h a t  t h e  Brenham Township shows a d i s t r i b u t i o n  of  s i l i c a t e  

and m e t a l  t h a t  is not  c h a r a c t e r i s t i c  of s i l i c a t e  f l o a t i n g  on t o p  of molten 

metal  b u t  r a t h e r  of s i l i ca t e  remaining suspended i n  a s i l i c a t e  m e l t .  The 

s i l i c a t e  i s  o l i v i n e ,  and a melted s i l i ca t e  f r a c t i o n  must have been removed, 

presumably by r i s i n g  i n  a g r a v i t a t i o n a l  f i e l d .  Now w e  cannot  have a f i e l d  

t o  s e p a r a t e  t h e  s o l i d  s i l i ca t e s  from t h e  l i q u i d  s i l i c a t e s  and t h e n  no f i e l d  

i n  o r d e r  t o  keep s i l i c a t e s  and metal i n  suspension: 

Suppose a pool of melted i ron -n icke l  w e r e  r e s t i n g  on a p r i m i t i v e  s i l i c a t e  

i i ia ter inl  anil were covered by a s i l i c a t e  mass as assumed i n  t h e  model above. 

Nelt ing pr-ogr-essed f o r  a t i m e  w i t h  melted s i l i ca tes  and s o l i d  o l i v i n e  r i s i n g  

through t h e  metal. Then c o o l i n g  began from the  top ,  of  cour se .  Some chunks 

of o l i v i n e  rose  i n  t h e  m t a l  and accumulated i n  t h e  t o p  of t h e  chamber where 

- 
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s o l i d i f i c a t i o n  of m e t a l  began. Then s i l i ca tes  suspended i n  metal are p r e c i s e l y  

w h a t  would be expected.  The w r i t e r  could propose o the r  models though it is 

p o s s i b l e  t o  imagine b u t  no t  convincingly d e s c r i b e  p o s s i b l e  models on t h e  b a s i s  

of 1 itt le evidence.  

F ish ,  Goles and Anders (19601 show t h a t  i n  t h e  c a s e  of a s ta t ic  metal co re ,  

t h e  s i l i c a t e  reaching t h e  su r face  i n  a t i m e ,  t ,  should be independent of t h e  

r a d i u s  of t h e  c o r e  and hence  conclude that t h e  mixture  of s i l icate  and metal 

should be t h e  same f r a c t i o n  of the i o t a 1  for c o r e s  of a l l  r a d i i .  This  conclus ion  

i s  not  c o r r e c t  i n  t h e  x r i t e r ' s  opinion,  because convect ion should occur  and t h i s  

would a i d  t h e  s epa ra t ion  and i n v a l i d a t e  t h e i r  conclusions.  Thus, assuming a 

s t a t i o n a r y  1 iquid sphere,  more rapid s e p a r a t i o n  of s i l i c a t e s  would occur  a t  t h e  

s u r f a c e  because of t h e  s t ronge r  f i e l d .  Then a more dense l a y e r  would ove r l ay  a 

less dense one i n  t h e  c e n t e r  and an ove r tu rn  would occur ,  b r ing ing  s i l icate  t o  

t h e  su r face .  Of course,  a f a i r l y  s teady  convect ion would be e s t a b l i s h e d  w i t h  

s i l icate  accumulating a t  t h e  sur face .  S ince  t h e  less dense l i q u i d  si l icates 

have separa ted  from t h e  o l i v i n e  s i l icates ,  w e  must assume t h a t  an e f f e c t i v e  

g r a v i t a t i o n a l  f i e l d  was p re sen t ,  and cannot  assume o b j e c t s  so small t h a t  t h e  

f i e l d  w a s  t o o  small t o  produce separa t ion  of  phases.  These processes  should 

r e s u l t  i n  a comparat ively t h i n  zone i n  wh ich  o l i v i n e  and metal should  be  mixed 

as i n  t h e  p a l l a s i t e s .  

masses w e r e  small. These f a c t s  have been presented  p rev ious ly  (Urey, 1956).  

Recent ly ,  Park e t  a l .  (1963) have found a s m a l l  p i e c e  of  s i l i c a t e  a t t ached  t o  

t h e  Otumpa hexahedr i te  which does not  have a composition of a terrestrial  

s i l i c a t e ,  i n d i c a t i n g  aga in  t h a t  a sample of boundary h a s  been found. These 

l i n e s  of evidence i n d i c a t e  t h a t  t h e  metal m e t e o r i t e s  come from metal masses 

*ich are n o t  much l a r g e r  t han  t h e  observed m e t e o r i t e s  and are embedded i n  

s i l i c a t e .  Though t h i s  conclus ion  is based on three l i n e s  of evidence,  one 

could  w i s h  t h a t  t h e  evidence were better but  t h e r e  seems t o  be no evidence f o r  

an o r i g i n  from t h e  c o r e  of a p lane tary  ob jec t .  
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Heating by r a d i o a c t i v e  elements would produce t h e  maximum temperatures  

a t  t h e  c e n t e r  of spheres  and hence metallic masses would accumulate as a 

metallic c o r e  of cons ide rab le  s i ze .  Hence t h e  evidence f o r  small o b j e c t s  

w i t h  l a r g e  s u r f a c e  t o  volume r a t i o  a rgues  a g a i n s t  t h i s  o r i g i n  f o r  h e a t i n g ,  

This  w a s  recognized i n  1952 and t h e r e  appears  t o  be no reason t o  abandon 

t h e  argument today. 

The c h o n d r i t i c  s tony meteorites c o n s i s t  i n  most cases a t  least of a 

conglomerate mixture of rounded s i l i ca t e  chondrules ,  fragments o f  s i l i c a t e s ,  

and m e t a l  p a r t i c l e s  of both t h e  kamacite and t a e n i t e  v a r i e t i e s .  They a r e  

ve ry  complex o b j e c t s .  T h e i r  chemical compositions vary somewhat, and f i v e  

o r  s i x  d i s t i n c t  t ypes  are recognized. Two prominent groups on t h e  b a s i s  of 

i r o n  t o  s i l i c o n  r a t i o s  are known, with r a t i o s  of about 0.6 and 0.8 (Urey 

and Craig,  1953). D e f i n i t e  f r a c t i o n a t i o n  of i r o n  r e l a t i v e  t o  s i l i c o n  has 

occurred i n  these o b j e c t s .  

w a s  made, but  most do n o t ,  and some show unmistakably t h a t  t hey  have n o t  been 

heated. The  elements o t h e r  than t h e s e  are about t h o s e  expected from our  

s t u d i e s  of e lemental  abundances, except t h a t  indium, t h a l l i u m ,  l ead  and 

bismuth a r e  much lower than appears reasonable.  I r o n  i s  much more abundant 

r e l a t i v e  t o  s i l i c o n  than is t r u e  f o r  t h e  sun, though n i c k e l  and c o b a l t  

abundances are n o t  badly o u t  of l i n e  wi th  s o l a r  va lues .  These p o i n t s  w i l l  

be d i scussed  later. No at tempt  i s  made t o  review models f o r  t h e  o r i g i n  of 

t h e s e  o b j e c t s .  (For a d i s c u s s i o n  of t h i s ,  see Urey, 1964). 

Some show evidence f o r  h e a t i n g  a f t e r  t h e  mixture  

The achondr i t e s  c o n s i s t  of two roughly de f ined  groups which P r i o r  c a l l e d  

t h e  calcium-rich and calcium-poor groups. 

s imi la r  t o  b a s a l t ,  and t h e  second has s i l i c o n  t o  magnesium r a t i o s  more n e a r l y  

l i k e  t h o s e  of t h e  chondr i t e s .  Among t h e  l a t t e r  are t h e  e n s t a t i t e  achondr i t e s  

c h a r a c t e r i z e d  by n e a r l y  pure e n s t a t i t e  (MgSiO 1. According t o  r ecen t  ana lyses ,  

The f i r s t  has  a composition somewhat 

3 
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some specimens are nea r ly  f r e e  of oxidized i r o n  and carbon, and probably t h i s  

i s  true of a l l  or n e a r l y  a l l  of t h i s  group. Table  1 g ives  Wiik ' s  a n a l y s i s  

of Norton County t o g e t h e r  w i t h  t h e  s i l i c a t e  f r a c t i o n  of t h e  e n s t a t i t e  c h o n d r i t e  

Indarch ,  a l s o  analyzed by Wiik (19561, t h e  s i l i c a t e  of Monte des  F o r t e s  ( l o w  

i r o n  group) and of Hainaut (h igh  i ron  group) wi th  a l l  metal, FeS, and FeO 

e l imina ted .  The ana lyses  of t h e  l a t t e r  two are remarkably similar. Norton 

County and Inda tch  c o n t a i n  no PeO according t o  Wiik and only  s m a l l  amounts 

according t o  r ecen t  ana lyses  of Kiel and Fredr iksson  (1964). A t  t h e  bottom 

of t h e  columns a r e  given t h e  amounts of metal, FeO and FeS e l imina ted  from t h e  

ana lyses  c a l c u l a t e d  on t h e  b a s i s  oE t n e  s i l i c a t e  f r a c t i o n  equal  t o  100 p e r  c e n t .  

Also a mean composition of t e r r e s t r i a l  b a s a l t s  is  l i s t e d .  Basal t8  are produced 

by p a r t i a l  mel t ing  of t h e  deep  rocks of t h e  e a r t h ,  g e n e r a l l y  b e l i e v e d t o  have 

about t h e  composition of t h e  Monte des  For t e s  and Hainaut silicates. It is 

ev iden t  t h a t  t h e  s i l i c a t e s  of Norton County and Indarch  were not made by t h i s  

process .  But i f  t h e  i r o n  of t h e  c h o n d r i t e s  w e r e  completely reduced and t h e  

metal  s epa ra t ed ,  m a t e r i a l  somewhat l i k e  that of Norton County would be secured ,  

and t h i s  would be t r u e  of o t h e r  e n s t a t i t e  a c h o n d r i t e s  on t h e  b a s i s  of o t h e r  

a n a l y s e s ,  though FeO is repor ted  i n  some of t h e  o l d e r  and less r e l i a b l e  ana lyses .  

What appears  t o  have occurred is t h e  r educ t ion  of i r o n  i n  a s i l icate  melt from 

which the  metal  separa ted  l eav ing  e n s t a t i t e  behind. I f  c r y s t a l l i z a t i o n  t h e n  

occurred ,  some f r a c t i o n a t i o n  of CaO, A 1  0 and o t h e r  ox ides  would occur  leav ing  

a somewhat modified s i l i c a t e  behind. 

would be r equ i r ed  so t h a t  t h e  essential r a t i o  of magnesium t o  s i l i c o n  w a s  

r e t a i n e d .  This  i n d i c a t e s  t h a t  a mass of s i l i c a t e  w a s  hea ted  from above so 

t h a t  complete me l t ing  t o  some d e p t h  w a s  a t t a i n e d .  The absence or minor presence 

of carbon and no excess  FeO i n d i c a t e s  t h a t  t h e  reducing agent  w a s  n o t  carbon, 

but a gas ,  most probably hydrogen. Fig.  1 shows a diagram of t h e  phys ica l  

2 3  

Complete me l t ing  of t h e  p r i m i t i v e  material 



-13- 

s i t u a t i o n .  

i n  magnesium t o  s i l i c o n  r a t i o .  

e lementary s i l i c o n  w e r e  produced, it would appear  i n  t h e  metallic l a y e r  and 

it i s  observed i n  some e n s t a t i t e  chondr i t e s  and i rons .  

Heat from below would produce b a s a l t  o r  something s imilar  t o  it 

I f  reducing cond i t ions  w e r e  such t h a t  

But achondr i t e s  are known which c o n t a i n  apprec i ab le  amounts of i r o n  oxide 

and y e t  have high magnesium t o  s i l i c o n  r a t i o s .  The ana lyses  of two are g iven  

i n  Table  2. These are s e l e c t e d  as two more reliable ana lyses ,  i.e., they  

w e r e  made i n  t h i s  cen tury  and many c o n s t i t u e n t s  are repor ted ,  i n d i c a t i n g  c a r e  

on t h e  p a r t  of t h e  a n a l y s t .  Also,  a r e c e n t l y  e s t ima ted  a n a l y s i s  c a l c u l a t e d  

from a s o l a r  abundance t a b l e  due t o  Prof .  H. Suess is  given. A marked 

s i m i l a r i t y  e x i s t s  iJetween these compositions. It appears  t h a t  mel t ing  occurred 

i n  t h i s  ca se  without  r educ t ion  of i ron  and without  producing b a s a l t i c  material. 

Was it h e a t i n g  from above without  reduct ion?  But s i d e r o p h i l e  e lements  such as 

n i c k e l  and c o b a l t  and o t h e r s  are missing. Then l i q u i d  metal l ic  i r o n  and 

probably i r o n  s u l f i d e  t r i c k l e d  through the  m e l t  and e x t r a c t e d  these elements  

from t h e  m e l t ,  a f t e r  which it s o l i d i f i e d  w i t h  some s e p a r a t i o n  of C a O  and A1203 

from t h e  m e l t  and i t s  concent ra t ion  i n  ano the r  l a y e r  t o  produce meteorites 

such as Moore County and LeTei l leu l  as shown i n  Table  2. Many unpred ic t ab le  

v a r i a t i o n s  of t h e  process  should have occurred.  

f3ut w e  should r econs ide r  t he  process  of h e a t i n g  pr imordia l  s o l a r  non- 

v o l a t i l e  matter from above by s o l a r  gases .  F i r s t ,  as tempera tures  rose ,  i r o n  

s u l f i d e  should melt and flow down i n t o  t h e  s i l icate  m a s s  and carry cha lcoph i l e  

e lements  w i t h  i t .  Then mel t ing  of t h e  s i l i ca tes  would occur  and i r o n  oxide  

would be reduced, and metal ca r ry ing  s i d e r o p h i l e  e lements  would s i n k  l eav ing  

behind a low d e n s i t y  i r o n - f r e e  si l icate l aye r .  A s  t h e  p rocess  proceeded two 

l i q u i d  layers might form, a lower dens i ty  i r o n - f r e e  l a y e r  and a h ighe r  d e n s i t y  

l a y e r  con ta in ing  i r o n  oxide r e s t i n g  on a l a y e r  of  l i q u i d  i r o n  which  would i n  

t u r n  rest on a s i l i c a t e  l a y e r  w i t h  i r o n  s u l f i d e  below t h i s .  Fig. 2 shows t h e  



s i t u a t i o n  d i ag rama t i ca l ly  toge the r  w i t h  t h e  l i k e l y  phys ica l  p rocesses  a t  

the r i g h t  and t h e  p rogres s ive  movement of materials a t  t h e  l e f t .  

S o l i d i f i c a t i o n  would produce f u r t h e r  s epa ra t ions ,  bu t  i n  a lower 

g r a v i t a t i o n a l  f i e l d  than t h a t  of t h e  earth, such s e p a r a t i o n  may not  have been 

pronounced. Fig. 3 g i v e s  a suggest ion i n  regard  t o  p o s s i b l e  l aye r s .  Again 

v a r i a t i o n s  i n  t h e  p a t t e r n  are most l i k e l y  and d i f f i c u l t  t o  p r e d i c t  or exclude. 

S i l i c o n  could no t  be expected t o  be p re sen t  i n  the metal l a y e r  s i n c e  it would 

react w i t h  FeO w h i l e  pass ing  through t h e  i r o n - r i c h  l a y e r  and it i s  not found 

i n  most i r o n s  and o the r  t y p e s  of  meteor i tes .  Apparent ly  both models e x i s t e d  

on the same o r  d i f f e r e n t  p l a n e t a r y  ob jec t s .  It should be noted t h a t  t h e  

s u l f i d e  l a y e r  which appears  t o  have been l o s t  may have c a r r i e d  n i cke l  and 

c o b a l t  wh ich  are cha lcoph i l e  on t h e  ea r th  i n  t h e  absence o f  t h e  metall ic phase. 

I f  t h i s  l a y e r  w e r e  l o s t ,  t h e  troublesome low concen t r a t ions  o f  t h e s e  elements  

relative t o  i r o n  i n  t h e  me teo r i t e s  might be expla ined .  Also  the very remarkably 

low concen t r a t ions  of In ,  T1, Pb, and B i  i n  most m e t e o r i t e s  could  b e  expla ined  

by t h e  same circumstance.  

I n  o rde r  t h a t  diamonds could be produced t h e  p rocess  must have occurred 

under high pressures .  Diamonds may have been formed i n  t h e  metal masses a s  

w e l l  as i n  s i l i c a t e  masses con ta in ing  carbon j u s t  above t h e  metal masses, f o r  

example. The u r e i l i t e s  which con ta in  diamonds have chemical composi t ions which 

may w e l l  have o r i g i n a t e d  i n  j u s t  such a s i t u a t i o n .  However, Lipschutz  (1964) 

has presented  evidence i n d i c a t i n g  a shock o r i g i n  f o r  these diamonds. 

There are d i f f i c u l t i e s  w i t h  t h i s  m o d e l .  Suess '  cho ice  of i r o n  abundance 

i s  about double t h a t  given by Goldberg, Mueller and A l l e r  (1961) and a more 

recent  va lue  given by A l l e r  (1964) f o r  t h e  sun. But i r o n  i n  Rode and Tatahouine 

is  h igher  than  t h a t  c a l c u l a t e d  from Suess '  va lue  and even h ighe r  i ron  percentages  

may occur  i n  o t h e r  me teo r i t e s .  Possibly t h e  p r i m i t i v e  s o l a r  material  may have 

contained more h ighly  oxidized elements,  e.g. ,  t r i v a l e n t  i ron ,  sane oxidized 
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s u l € u r ,  w h i c h  would not be i n  equi l ibr ium with l a r g e  amounts of hydrogen but 

s t i l l  could be p re sen t  i f  produced by high energy r a d i a t i o n s  a t  l o w  temperature .  

I n  t h i s  case e lementa l  i ron  moving from t h e  h ighe r  th rough t h e  l o m r  l a y e r  of 

mel ted s i l i ca t e  could  have been oxidized i n c r e a s i n g  t h e  i ron  con ten t  of t h e  

lower l a y e r .  Such p o s s i b i l i t i e s  make any estimate of relative p ropor t ions  

q u i t e  impossible.  

The problem of t h e  concen t r a t ions  of sodium and potass ium i n  t h e  a c h o n d r i t i c  

meteorites has  presented  a very  puzzl ing problem e v e r  s i n c e  t h e  f i r s t  more 

re l iable  ana lyses  became a v a i l a b l e  (Edwards and Urey, 1955, and Edwards, 1955). 

Keasoning from terrestrial  rocks ,  high sodium and potassium c o n t e n t s  are 

expected i n  s i l i ca t e s  enr iched  i n  calcium and aluminum and l o w  a l k a l i  c o n t e n t s  

a r e  expected i n  s i l i ca t e s  low i n  calcium and aluminum. Genera l ly  t h e  a c h o n d r i t e s  

are lower i n  t h e  a l k a l i s  than  t h e  chondr i tes .  An e x c e p t i o n  i s  B i shopv i l l e ,  a n  

e n s t a t i t e  achondr i t e ,  w i th  somewhat more sodium and potassium than  t h e  c h o n d r i t e s .  

The achondr i t e s  are e r ra t ic  w i t h  respec t  t o  t h e  c o n c e n t r a t i o n s  of t h e s e  elements .  

W i t h  t h e  except ion  of B i shopv i l l e ,  t h e  low ca lc ium a c h o n d r i t e s  are low i n  t h e  

a l k a l i e s .  The h igh  calcium achondr i tes  a r e  g e n e r a l l y  no t  as high i n  sodium 

and potassium as t h e  c h o n d r i t e s  but have very  v a r i a b l e  concen t r a t ions .  To be  

c o n s i s t e n t  wi th  t h e  model proposed here w e  should conclude t h a t  t h e  a l k a l i e s  

are less abundant r e l a t i v e  t o  s i l i c o n  and other e lements  t h a n  u s u a l l y  supposed, 

as f o r  example i n  t h e  Suess-Urey t a b l e s .  Poss ib ly  potassium i s  less abundant 

a s  argued by Wasserburg e t  a l .  (1964) and i n  t h i s  case t h e  d i s t r i b u t i o n s  of 

sodium and potassium between t h e  ca lc ium-r ich  and calcium-poor a c h o n d r i t e s  is 

unders tandable  even though c e r t a i n  excep t iona l  cases d o  occur .  

4. Composition of t h e  sun, me teo r i t e s  and p l ane t s .  

I t  has been ev iden t  f o r  some t i m e  t h a t  r epor t ed  d e n s i t i e s  of t h e  t e r r e s t r i a l  

p l a n e t s  i n d i c a t e  d i f f e r e n c e s  i n  chemical composi t ion (Urey, 1951). T h i s  i s  
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t r u e  p a r t i c u l a r l y  of Mercury, t h e  moon, and t h e  o t h e r  terrestrial  p l ane t s .  

Recent observa t ions  confirm t h e  e a r l i e r  work. Venus, E a r t h  and Mars may 

ag ree  i n  composition, but  Mercury must have a g r e a t e r  p ropor t ion  of high 

d e n s i t y  element,  presumably i ron ,  and the  moon must c o n t a i n  less of such a 

high d e n s i t y  element or a h igher  propor t ion  of some lower d e n s i t y  c o n s t i t u e n t .  

Assuming t h a t  t h e  m e t e o r i t e s  g ive  some v a l i d  b a s i s  f o r  e s t i m a t i n g  composi t ion 

of s o l i d  o b j e c t s  i n  t h e  s o l a r  system, we may assume t h a t  these v a r i a t i o n s  

depend on t h e  r e l a t i v e  propor t ions  of i ron  and s i l i c a t e s .  I f  w a t e r  w e r e  

r e spons ib l e  f o r  t h e  low dens i ty  of t h e  moon, very e x t e n s i v e  volcanic  a c t i v i t y  

should have been p resen t  because water lowers t h e  mel t ing  p o i n t s  of s i l icates  

markedly. Such a c t i v i t y  on a l a rge  scale q u i t e  e v i d e n t l y  has no t  occurred.  

Graphi te  might be p re sen t  but t h e  amounts r equ i r ed ,  namely g r e a t e r  than  10  

p e r  cen t  by weight, are q u i t e  out of l i n e  wi th  our  exper ience  w i t h  m e t e o r i t e s  

and t h e  o u t e r  p a r t s  of t h e  earth. 

The  m e t e o r i t e s  vary g r e a t l y  i n  composition, but  i f  t h e  i r o n s  are d i s -  

regarded because of t h e i r  g r e a t  s t r e n g t h  and hence g r e a t e r  p r o b a b i l i t y  of 

p r e s e r v a t i o n ,  t h e  v a r i a t i o n  of metal t o  s i l i ca te  i s  s t i l l  cons ide rab le ,  and 

Lmportant f r a c t i o n a t i o n  processes  have been o p e r a t i v e  on t h i s  material. 

Observat ions on t h e  s o l a r  spectrum w i t h  t h e  o b j e c t i v e  of de te rmining  i t s  

composi t ion have been made f o r  many y e a r s ,  and rather c o n s i s t e n t  agreement has  

been secured i n  recent  years .  Poss ib ly  t h e  most impressive work has  been 

done r e c e n t l y  by A l l e r ,  O ' M a r a  and L i t t l e ,  w i t h  t h e  p a r t i c u l a r  o b j e c t i v e  of 

determining  whether t h e  i r o n  t o  s i l i c o n  r a t i o  cou ld  ag ree  wi th  m e t e o r i t i c  

va lues .  Using FeI and Fe I I  s p e c t r a l  l i n e s  on t h e  one hand and a l s o  S i 1  and 

Si11  l i n e s  on t h e  o t h e r ,  they  conclude t h a t  t h e  i r o n  t o  s i l i c o n  r a t i o  i a  0.13. 

T h i s  va lue  i s  not  g r e a t l y  d i f f e r e n t  from previous  va lues  and i s  q u i t e  d i f f e r e n t  

from c h o n d r i t i c  me teo r i t e  va lues  which  range from about 0.6 t o  1.0 wi th  a mean 
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v a l u e  of about 0 . 7 .  Together w i t h  t h e  v a r i a t i o n  i n  d e n s i t y  of t h e  moon and 

p l a n e t s ,  t h e  v a r i a t i o n  i n  i r o n  content  of the me teo r i t e s  and t h e  observed 

i r o n  t o  s i l i c o n  r a t i o  i n  t h e  sun,  w e  may conclude t h a t  l o s s  of s i l i c a t e  

re la t ive t o  metal has occurred dur ing  t h e  formation of t h e  s o l a r  system. 

Again s e v e r a l  l i n e s  of evidence lead t o  t h e  same conclusion.  Table  3 

summarizes p e r t i n e n t  d a t a  i n  regard t o  t h i s  problem. 

One of t h e  troublesome and puzzl ing p o i n t s  i n  regard t o  t h i s  conclus ion  

i s  t h a t  n i c k e l ,  which is  no t  w e l l  determined i n  t h e  sun,  and c o b a l t ,  which 

appears  t o  be w e l l  known i n  t h e  sun, are more abundant r e l a t i v e  t o  i ron  i n  

the  sun than  i n  t h e  me teo r i t e s .  It would be more convenient  i f  t h i s  w e r e  

no t  t r u e  of s i d e r o p h i l e  e lements .  S u b s t a n t i a l  v a r i a t i o n s  i n  these ratios 

occur  i n  t h e  me teo r i t e s ,  and a t e n t a t i v e  sugges t ion  about  t h i s  problem w i l l  

be presented  below. 

5. The work of Reynolds (1963) on the  anomalous abundance of XeI2’  shows 

q u i t e  d e f i n i t e l y  t h a t  t h i s  has been produced from 112’ and hence t h a t  some 

s y n t h e s i s  of t h e  e lements  occurred according t o  h i s  estimates some 30 t o  50 

m i l l i o n  y e a r s  before  degassing of me teo r i t i c  material occurred.  Reynolds’ 

estimates are not  markedly d i f f e r e n t  from t h o s e  of o t h e r s .  Two views have been 

expressed  a s  t o  t h e  o r i g i n  of t h i s  syn thes i s ,  namely, du r ing  t h e  o r i g i n  of t h e  

s o l a r  system due t o  h igh  energy protons from t h e  sun, or i n  some high  energy 

process  preceding t h e  c o n t r a c t i o n  of t h e  sun. So f a r  as t h e  d i scuss ion  he re  

is concerned, t h e  l a t t e r  seems t o  be t h e  more s t r a igh t fo rward  p o s t u l a t e ,  but 

it may w e l l  be t h a t  t h e  former can be  f i t t e d  i n t o  t h e  model t o  be d iscussed  

below al though t h e  p re sen t  writer has not been a b l e  t o  do so  i n  any convinc ing  

way. Nevertheless  i t  appears  necessary t o  assume times for t h e  e v o l u t i o n  of 

t h e  s o l a r  s y s t e m  of t h e  o r d e r  of 30 t o  50 m i l l i o n  yea r s .  
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6. Summary 

It seems necessary  t o  assume t h e  fo l lowing  series of even t s  i n  t h e  o rde r  

of t i m e  a s  presented.  

1. Accumulation of s o l i d  m a t e r i a l s  must have occurred  a t  f a i r l y  low 

tempera tures  i n  order  t o  preserve such v o l a t i l e  e lements  as mercury and o t h e r s  

i n  approximately p r i m i t i v e  proport ions.  

2. High temperatures  are required t o  m e l t  s i l icates  and metals and they 

must have separa ted  i n  moderate g r a v i t a t i o n a l  f i e l d s  . 
3. 

followed by lower p re s su res  but s t i l l  h igh tempera tures  t o  conver t  t h e  diamonds 

i n t o  g r a p h i t e  pseudomorphs. 

High p r e s s u r e s  and temperatures  w e r e  r equ i r ed  t o  produce diamonds 

4. 

o c t a h e d r i t e s .  

Slow cool ing  w a s  required t o  produce t h e  Widmanstatten f i g u r e s  of t h e  

Some p r e s s u r e  i s  ind ica t ed  i n  o r d e r  t o  meet Uh l ig ' s  obse rva t ions  

on t h e  l ack  of nuc lea t ion  i n  t h e  n i c k e l - r i c h  ataxites. 

5. Some process  i s  required by which increased  concen t r a t ion  of a high 

d e n s i t y  f r a c t i o n  was preserved t o  produce t h e  p l a n e t s  and meteor i t e s .  It is 

probable  t h a t  metal o b j e c t s  because of t he i r  g r e a t e r  s t r e n g t h  w e r e  preserved 

i n  v i o l e n t  c o l l i s i o n a l  problems. 

6. Accumulation of t h e  p l a n e t s  i s  requi red .  

7 .  These  even t s  must have occupied a t i m e  i n t e r v a l  of about 50 m i l l i o n  

y e a r s .  

I n  a d d i t i o n ,  a t  some po in t  a moon of about s o l a r  composi t ion less t h e  

gaseous elements  w a s  accumulated and captured  by t h e  ear th  or  some o t h e r  

o r i g i n  must  be pos tu l a t ed .  
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PART 11 

A model f o r  t h e  o r i g i n  of t h e  s o l a r  system. 

S tuden t s  of t h e  problems of s o l a r  system o r i g i n s  g e n e r a l l y  assume t h a t  

a t  some t i m e  a f l a t  s o l a r  nebula  ly ing  i n  t h e  plane of  t h e  e c l i p t i c  and 

ex tending  somewhat beyond t h e  o r b i t  of Neptune e x i s t e d  a t  some e a r l y  t i m e ,  

s a y ,  4.5 AE ago. T h i s  w i l l  be assumed i n  t h e  fo l lowing  d i scuss ion .  

It seems l i k e l y  t h a t  a con t r ac t ion  of  a mass of gas  having a n  angular  

momentum corresponding t o  t h e  r o t a t i o n  of gas w i t h  t h e  angu la r  v e l o c i t y  of 

r o t a t i o n  of t h e  galaxy might w e l l  leave a d i s k  of p r i m i t i v e  composition behind 

a s  it con t r ac t ed .  Hoyle (1960) has d iscussed  t h i s  problem and assumes that 

t h e  s o l a r  nebula  w a s  e j e c t e d  from t h e  sun a f t e r  it had con t r ac t ed  t o  a r ad ius  

i n s i d e  t h a t  of Mercury due t o  t h e  e f f e c t s  of magnetic f i e l d s .  Alfven (1954) 

a l s o  invokes t h e  a i d  of magnetic f i e l d s  t o  s o l v e  t h e  angu la r  momentum problem. 

It does  appear  reasonable  t o  assume t h a t  magnetic f i e l d s  were ins t rumenta l  i n  

t r a n s f e r r i n g  angu la r  momentum from the  sun t o  a s o l a r  nebula  and from stars t o  

s te l la r  nebulae gene ra l ly .  However, d e t a i l e d  models cannot be der ived  from 

t h i s  phys i ca l  evidence because t h e  magnetic l i n e s  of f o r c e  w i l l  be r e t a rded  

i n  t h e i r  r o t a t i o n  a t  any t i m e  t h a t  ion ized  gases  are produced a t  any reg ion  

of t h e  nebula and i n  any t i m e  sequence. Thus i f  t h e  nebula  w e r e  no t  conduct ing,  

no i n t e r a c t i o n  w i t h  t he  magnetic f i e l d  would occur,  and i f  any p a r t  of t h e  nebula  

a t  any t i m e  became conduct ing,  due t o  i l l u m i n a t i o n  by ion iz ing  r a d i a t i o n  from 

t h e  sun f o r  example, then  i n t e r a c t i o n  would occur  a t  that t i m e  and reg ion  which 

would r e s u l t  i n  r e t a r d a t i o n  of t h e  sun ' s  r o t a t i o n  and r epu l s ion  of t he  nebula  

from t h e  sun. Thus their  magnetic i n t e r a c t i o n s  are n o t  a t  a l l  d i a g n o s t i c  wi th  

r e spec t  t o  d e t a i l s  of t h e  development of t h e  s o l a r  nebula ,  and f o r  t h i s  reason  

they are not  cons idered  a s  c r i t i c a l  evidence for t h i s  problem. Also,  Herbig 

(1962) p o i n t s  ou t  t h a t  T-Tauri s tars  are l o s i n g  mass a t  very r ap id  rates, i.e., 

a s o l a r  mass per  m i l l i o n  yea r s  and thus t h e  s o l a r  nebula may w e l l  have been 
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very massive and y e t  been l o s t  t o  space by some mechanism which  i s  not  

understood.  

The p resen t  a u t h o r ’ s  philosophy i n  approaching t h i s  problem has  been 

determined l a r g e l y  by h i s  experience as a chemis t .  The chemical e lements  and 

t h e i r  compounds have most complicated and v a r i e d  p r o p e r t i e s  which cannot  be 

desc r ibed  i n  t e r m s  of manageable t h e o r i e s  and they  are independent of t h e  

w i l l s  and a r b i t r a r y  assumptions of chemists and a s t r o p h y s i c i s t s .  The o r i g i n  

of t h e  s o l a r  system took p l ace  a t  such tempera tures  and p res su res  t h a t  these 

chemical and phys ica l  chemical p r o p e r t i e s  of t h e  e lements  had an importance 

equa l  t o  t h a t  of t h e  g r a v i t a t i o n a l  f i e l d  and t h e y  cannot  be neglec ted  o r  

a r b i t a r i l y  ass igned  convenient  values. T h i s  r equ i r e s  t h a t  w e  search f o r  

c r i t i c a l  evidence f o r  t h e  processes  involved and w e  should recognize t h a t  

even l i m i t e d  evidence is  b e t t e r  t h a n  none a t  a l l  o r  our  most dea r ly  beloved 

p r e j u d i c e s .  I n  t h i s  s p i r i t  t h e  l i n e s  of evidence o u t l i n e d  above have been 

accumulated du r ing  t h e  l a s t  1 5  years  by t h e  a u t h o r  from d a t a  recorded i n  t h e  

l i t e r a t u r e  l a r g e l y .  The fo l lowing  model f o r  even t s  has  been developed by 

t r y i n g  t o  accommodate important  and c r i t i c a l  obse rva t iona l  d a t a  t o  reasonable  

but incomplete phys ica l  theory .  

LeDoux (1951) f i r s t  d i scussed  t h e  d i s t r i b u t i o n  of mass i n  a plane l a y e r  

of gas  under i t s  own g r a v i t a t i o n a l  f i e l d  only.  The d i s t r i b u t i o n  i n  a 

d i r e c t i o n  perpendicular  t o  t h e  plane of t h e  gas  is determined by t h e  fo l lowing  

equa t ion ,  

The s o l u t i o n  of these equa t lons  w i t h  c o n s t a n t  temperature  g ives  

2 x  f = f o  sech  - where H = ( RT 
3 ’  2 W G ) ( P ,  
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The p o t e n t i a l  energy i s  i n f i n i t e  f o r  each  element of volume i f  t h e  p lane  is  

i n f i n i t e  which f o r  t h e  s o l a r  nebula is  not  t h e  case. The d i s t r i b u t i o n  of 

mass i n  t h e  nebula  w i l l  be  determined l a r g e l y  by t h e  immediate neighborhood, 

and only t h e  edges of t h e  nebula  would r e q u i r e  s p e c i a l  t rea tment .  Also t h e  

v i r i a l  theorem need not  be v i o l a t e d  i f  it is remembered t h a t  t h e  d i s k  i s  

f i n i t e  and hence t h a t  t h e  p o t e n t i a l  energy i s  f i n i t e  and t h e  k i n e t i c  energy 

inc ludes  t h e  r o t a t i o n  about t h e  sun. 

The presence of t h e  sun a l s o  a f f e c t s  t h e  problem i n  two important ways. 

The e n t i r e  nebula  r o t a t e s  about t he  sun wi th  angu la r  v e l o c i t y  va ry ing  wi th  

d i s t a n c e ,  and a component of t h e  sun's f i e l d  pe rpend icu la r  t o  t h e  plane 

should be added t o  t h e  s e l f  g r a v i t a t i o n a l  f i e l d  of t h e  nebula .  The l a t te r  

g r e a t l y  compl ica tes  t h e  mathematical s o l u t i o n  and c a n  reasonably be neglec ted  

f o r  a massive nebula  which w i l l  be p o s t u l a t e d  here ,  

The problem of r o t a t i o n  of t h e  nebula  should be considered.  Maxwell 

concluded t h a t  t h e  r i n g s  of Sa turn  w e r e  s t a b l e  and t h a t  g r a v i t a t i o n a l  in- 

s t a b i l i t i e s  would no t  develop i f  t h e  mass i n  t h e  r i n g s  i s  s m a l l .  Nielsen 

(1963) has  cons idered  t h i s  problem f o r  pro tons  w i t h  f o r c e s  r e p e l l i n g  accord ing  

t o  an  i n v e r s e  square  l a w ,  and f i n d s  t h a t  c l u s t e r i n g  of  ions occurs ,  bu t  h e  

a g r e e s  w i t h  Maxwell's f i n d i n g  f o r  a t t r a c t i v e  fo rces .  Chandrasekhar (1955) 

has cons idered  t h e  uniform r o t a t i o n  of a three-dimensional  gas  and concludes 

t h a t  t h e  minimum wavelength f o r  i n s t a b i l i t y  i n  t h e  d i r e c t i o n  of r o t a t i o n  i s  

t h e  same as t h a t  g iven  by Jeans f o r  a s t a t i o n a r y  three dimensional  s t a t i o n a r y  

gas ,  but  t h a t  t h e  minimum uns tab le  wavelength i n  a d i r e c t i o n  pe rpend icu la r  t o  

t h e  a x i s  of r o t a t i o n  is  

h 
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w h e r e  y is  t h e  r a t i o  of s p e c i f i c  heats a n d Q  is  t h e  angular  v e l o c i t y  of 

r o t a t i o n .  If P i s  s u f f i c i e n t l y  l a rge  A is  real, but  i f  p < - , t h e  

wavelength becomes imaginary,  and even f o r  va lues  such t h a t  C12 

R2 
ps 

P* 
i s  less - 

than  but  approaches u n i t y ,  t he  wavelength becomes very  la rge .  It  appears  

t o  be phys ica l ly  reasonable  t o  assume t h a t  t h e  c r i t i c a l  mass f o r  t h e  

r o t a t i n g  s o l a r  nebula would be the  mass p e r  u n i t  area of t h e  nebula ,  which 

i s  e a s i l y  shown t o  be 2n0H mul t ip l i ed  by t h e  square of t h e  wavelength X 

i .e. .  

o r ,  assuming t h a t  t h e  proper  value t o  choose f o r  0 i s  4 p o ,  

Adopting t h i s  formula, we must next  ask  

The Koche dens i ty  (see J e a n s ,  for no and i". 

c) 

I f  equal  t o  0.04503, and tak ing  t h e  P m 

what v a l u e s  should be adopted 

1929, p.232) g ives  

of t h i s  formula as equal  t o  

2 
2Q 

P O ,  t h e  value of - 
UGPO 

equals  0.181 and t h e  c o r r e c t i o n  term i n  equa t ion  

( 5 )  i s  1 .22 .  I t  seems reasonable  t o  assume t h i s  va lue  f o r  oo,  s i n c e  t i d a l  

e f f e c t s  should d i s r u p t  any forming gaseous mass i f  d e n s i t y  w e r e  less. In  

f a c t ,  Chandrasekhar 's  c o n d i t i o n  fo r  i n s t a b i l i t y  i s  c l o s e l y  r e l a t e d  t o  t h e  

Roche d e n s i t y .  Using t h e  mass of t h e  sun f o r  de te rmining  t h e  va lue  of Q , 

i . e . ,  neg lec t ing  t h e  mass of the  nebula on t h e  K e p l e r  angular  v e l o c i t y ,  g i v e s  

2.1x10-6 - 
3 

MQ - 
2 r R 3  x 0.04503 C 

- - 4 
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w h e r e  c i s  the s o l a r  d i s t a n c e  i n  as t ronomical  u n i t s .  It is ev iden t  t h a t  

l a r g e r  va lues  o f ?  would be permiss ib le  but  w e  s h a l l  u s e  t h i s  as t h e  value 

f o r  Po.* 

* I n  t h e  f i r s t  p u b l i c a t i o n  covering t h i s  work (Urey, 1957),  LeDoux' equat ion  

f o r  t h e  mass was used and P = 1 0  /c w a s  used f o r  t h e  d e n s i t y  fo l lowing  

Kuiper. Since then o t h e r  formulae have been used fol lowing Jeans '  formula 

f o r  th ree  dimensional gas. A l l  give comparable va lues  but  probably 

equat ion  ( 5 )  i s  p re fe rab le  t o  t h e  o t h e r s  prev ious ly  used. U n c e r t a i n t i e s  i n  

our estimates of phys i ca l  parameters a r e  f a r  more important t han  small 

d i f f e r e n c e s  i n  these formulae. 

-6 3 

I t  is  d i f f i c u l t  t o  estimate t h e  tempera tures .  A t  some time dur ing  t h e  

c o n t r a c t i o n  of t h e  sun, high temperatures  probably obtained a t  t h e  d i s t a n c e s  

of t h e  terrestr ia l  p l a n e t s  from t h e  sun, but i f  t h e  v o l a t i l e  e lements ,  e.g., 

mercury (Hg), are t o  be r e t a i n e d ,  p rov i s ion  f o r  t h e  p rese rva t ion  of these 

elements  must be made. A h a l o  of gas and dus t  of mderate th i ckness  i n  t h e  

p lane  of t h e  nebula nea r  t h e  sun would e f f e c t i v e l y  s h i e l d  t h e  nebu la  from 

t h e  hea t  of t h e  s u n  and hence t h e  nebula  mLght cool  t o  low temperatures .  

S ince  t e r  Haar (1948) and Chandrasekhar had expressed t h e  view t h a t  t h e  

s o l a r  nebula  would be t u r b u l e n t ,  t h e  writer (Urey, 1957) f i r s t  t r i e d  very 

low temperatures  such t h a t  cons iderable  amounts of s o l i d  hydrogen would be 

p re sen t  i n  t h e  nebula. I t  was suggested t h a t  t h i s  might damp out  tu rbulence .  

Table  4 i s  a reproduct ion of t hese  e a r l y  c a l c u l a t i o n s  i n  t h i s  model. 

f a i r l y  l a r g e  o b j e c t s  are requi red  t o  produce t h e  high p res su res  needed f o r  

t h e  formation of diamonds, i t  was suggested t h a t  approximately lunar -s ized  

o b j e c t s ,  i . e . ,  t h e  mass of t h e  moon p l u s  i t s  s o l a r  gases ,  namely 2 . 2 ~ 1 0  g,  

S ince  

28 
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w e r e  t o  be expected. The arguments i n  regard t o  diamonds and t h e  a t a x i t e  

m e t e o r i t e s  advanced above aga in  r equ i r e  lunar -s ized  ob jec t s .  Using formula 

( 5 )  and r equ i r ing  o b j e c t s  of 2 . 2 ~ 1 0 ~ ~  g t o g e t h e r  w i t h  o t h e r  assumptions 

made he re  g ives  t h e  t e m p e r a t u r e s  l i s t e d  i n  Table  5,  Column 2, f o r  t h e  

temperatures  a t  s e v e r a l  d i s t a n c e s  from the  sun. The temperatures  r equ i r ed  

a t  t h e  d i s t a n c e  of Neptune from t h e  sun are u n r e a l i s t i c ,  and either l a r g e r  

masses must be assumed or h igher  va lues  of P, must be  used t o  avoid t h i s  

d i f f i c u l t y .  Using Aller ' s  abundances ( A l l e r ,  1961), t h e  mass of t h e  moon 

p l u s  i t s  s o l a r  gases  is  3 . 7 ~ 1 0 ' ~  g and t h e  c a l c u l a t e d  tempera tures  then  are 

t h o s e  of t h e  l a s t  column of Table 5. 

The e f f e c t s  of magnetic f i e l d s  on t h e  g r a v i t a t i o n a l  i n s t a b i l i t y  have 

no t  been cons idered ,  but  such e f f e c t s  would be small. The gas of t h e  nebula 

w a s  cons iderably  less dense t h a n  the ,  atmosphere of t h e  earth,  but  w i t h  the 

d e n s i t i e s  pos tu l a t ed  l i t t l e  ion iza t ion  would be p re sen t  except  p o s s i b l y  f a r  

from t h e  median plane,  and t h e  motion of t h e  g r e a t  mass of gas  would be  

l a r g e l y  una f fec t ed  by any magnetic f i e l d s  t h a t  may have been p resen t .  

The exac t  condi t ions  f o r  the g r a v i t a t i o n a l  i n s t a b i l i t y  cannot  be  given,  

bu t  t h e r e  appears  t o  be no reason f o r  b e l i e v i n g  t h a t  it would not occur  

provided t h a t  a nebula  of approximately one - th i rd  t h e  mass of the sun or 

g r e a t e r  w e r e  p re sen t .  No accumulation due t o  g r a v i t a t i o n a l  f o r c e s  should 

occur  i f  t h e  nebula  had a mass of about  one o r  two p e r  c e n t  o f  t he  s o l a r  

mass as would be expected i f  t h e  quota  of s o l a r  gases  w e r e  added t o  t h e  

masses of t h e  p l a n e t s  and no l o s s  of s o l i d  m a t e r i a l s  from t h e  nebu la  w e r e  

pos tu l a t ed .  

Such gas  spheres  should c o n t r a c t  as energy i s  r a d i a t e d  i n t o  space ;  

tempera tures  and p res su res  on the i n t e r i o r  should r ise and s o l i d s  should 

set t le  t o  t he  c e n t e r .  How r ap id ly  these p rocesses  would occur  i s  very 
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d i f f i c u l t  t o  estimate. The r a d i a t i o n  rate depends on t h e  opac i ty  f o r  

i n f r a r e d  r a d i a t i o n  and t h e  r a t e  of s e t t l i n g  depends on t h e  s i z e  of  p a r t i c l e s .  

Some s t u d e n t s  of me teo r i t e s  have favored the  view t h a t  t h e  f i r s t  s o l i d s  t o  

condense w e r e  micron s i z e  and o the r s  t h a t  these s o l i d s  w e r e  of t h e  s i z e  of 

chondrules ,  i.e., millimeter s i z e s .  The p resen t  w r i t e r  has been a b l e  t o  

b r i n g  himself a t  va r ious  times t o  agree w i t h  both t h e s e  views. 

s o l i d s  w e r e  micron s i z e ,  s e t t l i n g  would be very slow, and i f  t h e  s i z e  of 

marbles t h e  rate of s e t t l i n g  would be much g r e a t e r .  But accumulation of 

s o l i d  o b j e c t s  would occur by t h e s e  obvious phys ica l  p rocesses .  So f a r  as 

t h e  w r i t e r  i s  aware, no o t h e r  physical  mechanism h a s  been proposed for t h i s  

necessary  s t e p  i n  me teo r i t e  and p lane tary  development. 

If the 

The p res su res  and temperatures  w i t h i n  gas spheres  w e r e  inves t2ga ted  by 

Emden a t  t h e  t u r n  of t h i s  cen tu ry ,  but  h i s  work w a s  l i m i t e d  t o  i d e a l  gases.  

Unfor tuna te ly ,  i d e a l  gases  are n o t  a p p l i c a b l e  t o  t h e  problem i n  hand. 

Bainbridge (1962) undertook c a l c u l a t i o n s  f o r  real gases  u s i n g  t h e  b e s t  gas  

equa t ions  a v a i l a b l e  and these c a l c u l a t i o n s  have been cont inued by O s t i c  (1964). 

Fig.  4 summarizes t h e  c a l c u l a t i o n s  of Os t i c  f o r  c e n t r a l  t empera tures  and 

p res su res  as t h e  r a d i u s  decreases  and d e n s i t i e s  increase .  The  prominent 

d iagonal  l i n e  separa ted  t h e  diamond reg ion  above from t h e  g r a p h i t e  reg ion  

below. A t  h igher  p r e s s u r e s  i r o n  ca rb ide  (Fe C )  should be s t a b l e  according 

t o  thermodynamic c a l c u l a t i o n s .  This is no t  shown i n  t h e  f i g u r e .  The curved 

s o l i d  l i n e s  show t h e  course  of pressures  and tempera tures  as energy i s  l o s t  

and t h e  r a d i u s  of t h e  s p h e r e  decreases  f o r  va r ious  cons t an t  mass ob jec t s .  

The c e n t r a l  temperature  pas ses  through a maximum a t  rather low p res su res  and 

then  f a i l s ,  and p res su re  increases ,  as energy i s  l o s t .  During t h e  maximum 

temperature  phase,  su r f ace  mel t ing  of t h e  c e n t r a l  s o l i d  o b j e c t  wmld  occur  

3 
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i n  t h e  presence of reducing gases. 

f o r  t h e  e n s t a t i t e  achondr i t e s  and f o r  reduced metal o b j e c t s  of small s i z e  

below t h e  sur face .  

t h e  s u r f a c e  of a luna r  ob jec t  a t  t h e  c e n t e r  of a gas  sphere  of t h e  masses 

cons idered  would be approximately t he  same as those  a t  t h e  c e n t e r  of a gas 

sphere  of t h e  same mass without  t h e  presence of t h e  l u n a r  o b j e c t .  

p r e s s u r e s  i n  t h e  o u t e r  p a r t s  of t h e s e  s o l i d  o b j e c t s  were produced almost 

e n t i r e l y  by t h e  gases  and only  i n  a small degree by t h e  overburden of t h e  

s o l i d  ob jec t .  A s  pres su res  increase and tempera tures  f a l l ,  s o l i d i f i c a t i o n  

of t h e  s i l i c a t e s  should occur,  and a number of chemical r e a c t i o n s  should 

proceed. Thermodynamic c a l c u l a t i o n s  cannot be made w i t h  con€ idence because 

t h e  f u g a c i t i e s  of gases  w i l l  not be equal  t o  t h e  p a r t i a l  p re s su res  a t  t h e  

h igh  p res su res  involved, and no good estimates of t h e  f u g a c i t i e s  can  be made. 

Approximate c a l c u l a t i o n s  i n d i c a t e  t h a t  t i t a n i u m  n i t r i d e  and s i l i c o n  n i t r i d e  

might be produced a t  t h e  h i g h  pressures  and tempera tures  p r e v a i l i n g  a t  some 

s t a g e s  of t h e  c o n t r a c t i o n  of  t h e  g a s  spheres ,  w h i l e  t h e  r educ t ion  of  s i l i ca  

t o  s i l i c o n  might occur  a t  some lower p r e s s u r e  s t ages .  More exac t  c a l c u l a t i o n s  

cover ing  t h e s e  p o i n t s  are planned. 

T h i s  provides  f o r  t h e  h i s t o r y  required 

A s  Bainbridge showed, t h e  p re s su res  and temperature  a t  

The 

F i n a l l y ,  t h e  cons t an t  mass l i n e s  c r o s s  t h e  graphite-diamond s t a b i l i t y  

l i n e .  Above t h i s  l i n e  diamonds should form. I t  w i l l  be seen t h a t  t h e  

2 . 2 ~ 1 0 ~ ~  g l i n e  reaches a maximum of 1800°K, hard ly  s u f f i c i e n t  t o  m e l t  

m e t e o r i t i c  s i l i c a t e s  and metals, and then  c r o s s e s  t h e  diamond l i n e  a t  34 

k i l o b a r s  and 1000°K, a temperature a t  which diamonds m u l d  probably not  form 

even i n  a long pe r iod  of t i m e .  These cond i t ions  are very marginal  and one 

would f e e l  more comfortable  i f  the mass w e r e  increased  somewhat. The l i n e  

for 3 . 7 ~ 1 0 ~ ~  g g i v e s  more favorable  tempera tures  and p res su res .  But diamonds 
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i n  me teo r i t e s  are s m a l l  and t h e  c l i f t o n i t e  cubes a r e  small ,  and a l l  t h e  

diamonds were not converted t o  graphi te .  I n  f a c t ,  c o n d i t i o n s  w e r e  

marginal f o r  t h e s e  p rocesses  as well as t h e  o t h e r s  mentioned above. Also 

t h e  equat ions  of state of  mixtures of hydrogen and helium are not  e x a c t l y  

known. Within t h e  l i m i t s  of t hese  u n c e r t a i n t i e s  t h e  agreement is s a t i s f a c t o r y .  

- 

A t  some s t a g e  w e  assume t h a t  t h e  d u s t  and gas  cloud between t h e s e  o b j e c t s  

and t h e  sun w a s  d i s s i p a t e d  and the high atmosphere became w a r m  and hydrogen 

was l o s t .  P re s su res  f e l l  as gas  was l o s t  and diamonds were converted t o  

g raph i t e .  Pressures  decreased f u r t h e r  and temperatures  decreased slowly, 

and t h e  c h a r a c t e r i s t i c  f e a t u r e s  of t h e  i r o n  m e t e o r i t e s  developed under t h e  

t h e r m a l  i n s u l a t i o n  of t h e  over ly ing  s i l i c a t e s .  

During t h i s  l o s s  of gas  it i s  reasonable  t o  assume t h a t  l a w  p res su res  

e x i s t e d  and t h a t  t h e  gas  w a s  i l lumina ted  by t h e  sun. Under t h e s e  c o n d i t i o n s  

cons ide rab le  i o n i z a t i o n  would be  present  and t h e  gas  would be a c c e l e r a t e d  

by magnetic f i e l d s  moving r e l a t i v e  t o  t h e  gas .  

be l o s t  by t h e  sun and gained by t h e  gas.  Thus t h e  mechanism f o r  l o s s  of 

angular  momentum of t h e  sun pos tu la ted  by Alfven and Hoyle would apply t o  

t h i s  model. 

Hence angular  momentum would 

These lunar -s ized  o b j e c t s  which w e r e  c a l l e d  t h e  primary o b j e c t s  do no t  

e x i s t  i n  t h e  s o l a r  system a t  t h e  present  t i m e ,  and i f  t h e y  w e r e  once p resen t  

they  must have been des t royed .  

A t  t h e  Leningrad symposium on t h e  moon, t h e  au tho r  (Urey, 1962) presented  

approximate c a l c u l a t i o n s  w h i c h  i nd ica t e  t h a t  d e s t r u c t i o n  of  such o b j e c t s  by 

c o l l i s i o n s  i n  t h e  region of t h e  t e r r e s t r i a l  p l a n e t s  may have occurred du r ing  

some t e n  m i l l i o n  y e a r s .  The f i n e l y  d iv ided  s i l i c a t e  materials could  have 

been d r iven  i n t o  space leaving  l a r g e r  f ragments  behind. These should have 

conta ined  a l a r g e r  p ropor t ion  of  metallic o b j e c t s  and hence t h e  high 

d e n s i t i e s  of t h e  terrestrial  ob jec t s  can be expla ined .  

Co l l i s ions  appear  t o  be t h e  only  mechanism. 
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F i n a l l y ,  accumulation i n t o  p lane ts  is  requi red .  I f  t h e  gases  have been 

d i s s i p a t e d  i n t o  space,  t h e  to ta l  mass i n  t h e  neighborhood of these t e r r e s t r i a l  

p l a n e t s  w i l l  be small ,  and following Maxwell's c a l c u l a t i o n s ,  no accumulation 

i n t o  p l a n e t s  due t o  g r a v i t a t i o n a l  e f f e c t s  should occur ,  and i n  f a c t ,  it i s  

g e n e r a l l y  be l ieved  t h a t  t h e  a s t e r o i d s  a r e  d i s i n t e g r a t i n g  i n t o  smaller o b j e c t s .  

However, if there w e r e  p resent  even a few o b j e c t s  l a r g e  enough t o  ga in  i n  

mass when c o l l i s i o n s  w i t h  o t h e r  ob jec t s  occurred,  t h e n  accumulation i n t o  

p l a n e t s  would occur a long  l i n e s  d i s c u s s e d  by SaPrano*/ (1954) .  Probably a 

luna r - s i zed  ob jec t  w i l l  g a in  i n  mass i n  c o l l i s i o n  wi th  o t h e r  o b j e c t s  moving 

about t h e  sun i n  ne ighbor ing  o r b i t s ,  Thus  t h e  presencc of l una r - s i zed  o b j e c t s  

would have aided t h e  p l ane ta ry  accumulation process  and indeed would have been 

necessary  f o r  t h i s  t o  occur a t  a l l .  

._ .-- . - - - -- 

The r e l a t i o n s h i p  between the  requirements  of t h e  obse rva t iona l  d a t a  and 

t h e  model f o r  t h e  s o l a r  o r i g i n  a re  shown i n  Table 6. It i s  no acc iden t  t h a t  

they agree  because every e f f o r t  has been made t o  d e v i s e  a phys ica l ly  

reasonable  course  of even t s  i n  order t o  e x p l a i n  t h e  da t a .  If some of t h e  

s t e p s  seem extreme, it i s  w e l l  t o  remember t h a t  some puzz l ing  f a c t s  e x i s t .  

Simple models can be secured by ignor ing  inconvenient  d a t a ,  but  i s  it no t  

t r u e  t h a t  n a t u r a l  phenomena are m o s t l y  more complex than  men f i r s t  imagine 

them t o  be? And should w e  not t r y  t o  make t h e o r i e s  t o  account for d a t a  no 

matter how troublesome it may be,  and t h e n  s impl i fy  them la te r  i f  p o s s i b l e ?  

The Moon 

Only a f t e r  d e v i s i n g  t h e  general  t heo ry  g iven  he re  d i d  it occur t o  t h e  

wri ter  t h a t  t h e  moon was an  object  o f  t h e  t y p +  descr ibed .  It i s  of t h e  

c o r r e c t  m a s s  and t h e  c o r r e c t  composition, and i f  t h e  moon w a s  cap tured  

by t h e  e a r t h ,  it i s  most improbable t h a t  it should be t h e  only  such o b j e c t  
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which e x i s t e d  i n  t h e  region of t h e  terrestrial  p l ane t s .  There is  s t i l l  

disagreement as t o  w h e t h e r  t h e  moon w a s  cap tured  by t h e  e a r t h  o r  escaped 

from t h e  e a r t h .  It h a s  n o t  been poss ib le  t o  demonstrate t h a t  t h e  moon 

could have escaped, and a l s o  no s a t i s f a c t o r y  mechanism of c a p t u r e  h a s  been 

proposed. 

MacDonald (1964) from h i s  very i n t e r e s t i n g  and thorough s tudy of t h e  

r e c e s s i o n  of t h e  moon due t o  t i d a l  e f f e c t s  concludes t h a t  t h e  moon i n  i t s  

p r e s e n t  form should have o r ig ina t ed  no t  longer  ago than 1 . 5 ~ 1 0  yea r s .  9 

C a p t u r e  a t  t h i s  t i m e  i s  excluded s ince  no reasonable  way f o r  i t s  p re se rva t ion  

f o r  some 3x10 y e a r s  as a h e l i o c e n t r i c  o b j e c t  and then  i t s  cap tu re  by t h e  ear th  

has been proposed by anyone. 

because bombardment by t h e  d e b r i s  inc ident  t o  t h e  s e p a r a t i o n  must have covered 

9 

9 ago Escape from t h e  e a r t h  1 . 5 ~ 1 0  yearsAis  excluded 

a l l  l u n a r  evidence of t h e  sepa ra t ion  process ,  s i n c e  no one eve r  noted any 

f e a t u r e s  of t h e  moon i n d i c a t i v e  of such a process .  S i m i l a r  c o l l i s i o n s  of 

o b j e c t s  w i th  t h e  e a r t h  should have occurred a t  t h e  same t i m e ,  and it would 

be most s u r p r i s i n g  i f  t h e  e f f e c t s  of such c o l l i s i o n s  have been completely 

overlooked by g e o l o g i s t s .  I n  f a c t ,  it could w e l l  be asked a s  t o  whether any 

o r d e r l y  terrestr ia l  record o l d e r  than 1 . 5 ~ 1 0  years would be recognizable .  9 

MacDonald sugges t s  t h a t  t h e  e a r t h  had s e v e r a l  moons of lower mass before  t h i s  

t i m e  which would n o t  move away from t h e  e a r t h  and t h a t  t h e s e  c o l l i d e d  and 

formed t h e  p re sen t  moon some 1 . 5 ~ 1 0  y e a r s  ago. I f  so, t hen  t h e  l u n a r  record 
9 

of t h i s  c a t a s t r o p h i c  event  has  been covered by d e b r i s  and aga in  one wonders 

t h a t  no c a t a s t r o p h i c  record is r e t a ined  by t h e  e a r t h .  Also,  t h e  d e b r i s  can 

reasonably be supposed t o  have approximated m e t e o r i t i c  composition and hence 

increased  amounts of s i d e r o p h i l e  elements should be p r e s e n t  i n  t he  sediments 

of 1 . 5 ~ 1 0  y e a r s  ago. T h i s  has not been reported.  I f  t h e  e a r t h  captured  9 

s e v e r a l  moons, would w e  no t  expec t  o t h e r  p l a n e t s ,  p a r t i c u l a r l y  Venus, t o  have 
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s e v e r a l  moons o r  one r e s i d u a l  moon a l s o ?  Also,  i f  w e  do no t  know how t h e  

e a r t h  captured one moon, why is it so c e r t a i n  t h a t  it could cap tu re  many 

moons? S t i l l ,  h i s  p o s t u l a t e  i nd ica t e s  t h a t  many approximately luna r  

o b j e c t s  w e r e  p re sen t  ear ly  i n  t h e  h i s t o r y  of t h e  system. It seems probable  

t o  t h e  p re sen t  au thor  t h a t  t h e  physical  p r o p e r t i e s  of t h e  e a r t h  and moon 

may have changed dur ing  t h e  recent  p a s t ,  i .e . ,  t h e  l a s t  5x10 y e a r s ,  and 

thus  t h a t  t h e  t i m e  of 1 . 5 ~ 1 0  years  may not  be c o r r e c t ,  and i n  f a c t  t h a t  

8 

9 

t h e  t r u e  t i m e  f o r  t h e  origin of t h e  moon i s  much earlier.  Also,  t h e  cap tu re  

process  may have been of some k i n d  which i s  not r e a d i l y  amenable t o  CalCUlatiOn. 

Rut t h e r e  i s  some evidence t h a t  t h e  lunar  s u r f a c e  composition i s  a t  

leas t  p a r t l y  of t h e  highly  reduced c h a r a c t e r  requi red  by t h e  t heo ry  desc r ibed  

here. Kopal e t  a l .  (1954) have observed a marked f luo rescence  i n  t h e  Kepler  

reg ion  of t h e  moon, and t h i s  f luorescence  is  very s i m i l a r  t o  t h a t  produced 

when e n s t a t i t e  achondr i t e s  a r e  bombarded by e n e r g e t i c  pro tons .  It is n o t  

p o s s i b l e  t o  i d e n t i f y  a subs tance  by such  a red f luo rescence  only ,  but  never- 

t h e l e s s  no o t h e r  n a t u r a l l y  occurr ing  material has been found t h a t  f l u o r e s c e s  

i n  j u s t  t h e  requi red  way, and t e n t a t i v e l y  t h i s  can be accepted as a l i k e l y  

material f o r  some p a r t  of t h e  near s u r f a c e  subs tances  of t h e  moon.* 

* Recent ly ,  Edward Stee leand  Ce les t e  Engel have observed t h a t  a Precambrian 
dolomite  f l u o r e s c e s  s t r o n g l y  i n  t h e  red under pro ton  bombardment. It would be 
cu r ious  i f  both highly reduced cond i t ions  as shown by t h e  escape  of C 2  and 
h igh ly  oxidized m a t e r i a l s  as ind ica ted  by carbonates  should e x i s t  on t h e  moon. 

Kozyrev (1961) observed t h e  spectrum of C2 i n  the  Alphonsus c r a t e r  and 

a sc r ibed  t h i s  t o  volcanic  action.** It i s  d i f f i c u l t  t o  understand how C 2  

** Some a u t h o r i t i e s  doubt Kozyrev's i n t e r p r e t a t i o n .  The observed bands 
d e v i a t e  i n  s e v e r a l  ways from t h e  Swan bands. 

could be produced i n  t h i s  way. Heating igneous rock con ta in ing  f e r r o u s  

oxide t o  high temperatures  would produce carbon monoxide from carbonaceous 

m a t e r i a l s  and no gas con ta in ing  two atoms of carbon has  eve r  been r epor t ed  
from t e r r e s t r i a l  vo lcan ic  sources .  The presence of t h i s  spectrum i n d i c a t e s  
t h a t  some subsur face  reg ions  of t h e  moon are h igh ly  reduced as proposed i n  



I 
30- 

t h e  model f o r  lunar  o r i g i n  presented i n  t h i s  paper.  The sugges t ion  (Urey, 

1961) has been made t h a t  calcium carb ide  (CaC2)  e x i s t s  below t h e  l u n a r  

s u r f a c e  and t h a t  water from t h e  i n t e r i o r  reacts t o  g ive  ace ty l ene  (C2H2) 

which is decomposed t o  C2 by sun l igh t .  (MgC2 o r  some o t h e r  ca rb ides  are 

also poss ib le . )  There are seve ra l  b lack  areas w i t h  s m a l l  c r a t e r s  a t  t h e i r  

c e n t e r s  i n  t h e  Alphonsus crater  and some o t h e r  p o i n t s  on t h e  l u n a r  s u r f a c e .  

It seems p o s s i b l e  t h a t  t h e s e  have been produced by t h e  explos ions  of 

ace ty l ene  or by r eac t ions  of water wi th  c a r b i d e s  a t  h ighe r  tempera tures  

according t o  r e a c t i o n s  such as 

The d i s t r i b u t i o n  of t h e s e  black spots  sugges ts  t h a t  t h e  d i s t r i b u t i o n  of such 

materials i s  rather widespread. Also, it may be t h a t  g r a p h i t e  has been 

depos i t ed  i n  t h e  luna r  s u r f a c e  regions and t h a t  some few c o l l i s i o n s  with t h e  

s u r f a c e  have d i s t r i b u t e d  it about  t h e  c o l l i s i o n  area. I t  is ev iden t  t h a t  

no such s i t u a t i o n  e x i s t s  on t h e  e a r t h  a t  t h e  p re sen t  t i m e .  These luna r  

f a c t s  g ive  some conf i rmat ion  of the  model d i scussed  here, though only 

chemical i n v e s t i g a t i o n  of t h e  moon's s u r f a c e  could g ive  conc lus ive  evidence 

on t h i s  po in t .  

I t  i s  p o s s i b l e  and indeed probable t h a t  t h e  smooth gray  areas of t h e  

moon are f i n e l y  d iv ided  m a t e r i a l  produced mostly by t h e  g r e a t  c o l l i s i o n s  

that produced t h e  luna r  maria. ( O t h e r s  w i l l  d i s a g r e e  w i t h  t h i s  s ta tement , )  

This  material has been bombarded by smaller o b j e c t s  from t h e  l a r g e  meteor i te -  

s i z e d  o b j e c t s  down t o  micron-sized p a r t i c l e s  du r ing  t h e  l a s t  4 . 5 ~ 1 0  9 years .  

I t  may be t h a t  t h e  l a r g e r  c o l l i s i o n s  produced t h e  chondrules  as observed i n  

t h e  c h o n d r i t i c  m e t e o r i t e s .  T h i s  process  would expose materials i n  the luna r  
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s u r f a c e  t o  t h e  s o l a r  wind and hence supply a mechanism f o r  t h e  i n c l u s i o n  

of i n e r t  gases  i n  t h e  luna r  sur face  material. Suess,  WHnke and Wlotzka 

(1964) have suggested t h a t  i n e r t  gases  present  i n  some meteo r i t e s  w e r e  

introduced i n t o  these o b j e c t s  by bombardment i n  a s o l a r  wind. T h i s  could 

ha rd ly  occur  i f  t h e  fragmented s o l i d s  w e r e  i n  a d i spe r sed  cond i t ion  in 

space,  s i n c e  such a d u s t  cloud would prevent  t h e  a c c e l e r a t i o n  of the ions 

of t h e  s o l a r  wind t o  high ene rg ie s .  But t h e  s u r f a c e  of an ob jec t  such as 

the  moon w i t h  t h e  s u r f a c e  being s t i r r e d  by c o l l i s i o n s  would provide j u s t  

t h e  cond i t ions  requi red  f o r  t h i s  s o l a r  wind mechanism t o  be  e f f e c t i v e .  

Hunter and Parkin (1961) suggested j u s t  such bombardment processes  on t h e  

moon and p red ic t ed  t h e  appearance of t h e  l u n a r  su r face  e s s e n t i a l l y  as 

observed i n  t h e  Ranger VI1 p ic tu res .  The c h o n d r i t i c  m e t e o r i t e s  are very  

complex conglomerates and poss ib ly  t h e  complex series of  even t s  t o  which 

the  l u n a r  s u r f a c e  has been sub jec t ed  is such t h a t  material such as t h e  

c h o n d r i t i c  me teo r i t e s  could have been produced. Also,  t h e  s u r f a c e s  of t h e  

l a r g e r  a s t e r o i d s  may w e l l  have been sub jec t ed  t o  s imi la r  processes .  

it is  w e l l  t o  cons ide r  t h a t  a s t e r o i d s  be ing  smaller o b j e c t s  would lose much 

material i n  c o l l i s i o n s  and poss ib ly  would never  accumulate a s u b s t a n t i a l  

l a y e r  which had been exposed t o  the  s o l a r  wind. 

However, 

Conc l u s  ion  

There are many f e a t u r e s  of meteor i t e s  t h a t  are n o t  d i scussed  i n  t h i s  

paper ,  such as t h e  s t r u c t u r e  and composition of t h e  chondr i t e s ,  and t h e  

very  i n t e r e s t i n g  rare gases .  I t  is  very o f t e n  t h e  case t h a t  hypotheses  i n  

regard t o  t h e s e  p o i n t s  can be made and many have been made; they  are 

g e n e r a l l y  c o n t r a d i c t o r y ,  bu t  t o  t h i s  w r i t e r  t hey  o f t e n  appear  e q u a l l y  

p l a u s i b l e  or implausible .  Mostly such facts  are no t  d i a g n o s t i c  for problems 



of o r i g i n  and ev iden t ly  a r e  so regarded by t h e  au tho r s  themselves,  f o r  

t h e y  r e f e r  s o  c a s u a l l y  t o  va r ious  t h e o r i e s  of o r i g i n ,  t h u s  acknowledging 

t h a t  va r ious  d e t a i l s  of almost any model f o r  t h e  o r i g i n  of t h e  s o l a r  system 

could  supply phys ica l  and chemical c i rcumstances that would account for 

these observa t ions .  I n  t h i s  paper p o i n t s  t h a t  t h e  a u t h o r  has s tud ied  f o r  

t i m e s  up t o  15 yea r s  and which  s t i l l  seem t o  be  v a l i d  are used i n  t h i s  

d i scuss ion .  Itowever, i t  does seem l i k e l y  t h a t  these o t h e r  d a t a  cou ld  be 

accounted for i n  t h e  genera l  framework of t h i s  t heo ry .  

The p r i n c i p a l  compet i tor  i n  t h e  f i e l d  d i s c u s s i n g  t h e  o r i g i n  of  t h e  

me teo r i t e s  i s  t h e  t heo ry  of F i sh ,  Goles and Anders (1960) which t r ies  t o  

d e v i s e  an o r i g i n  from o b j e c t s  of t h e  s i z e  of t h e  a s t e r o i d s  heated by 

s h o r t - l i v e d  r a d i o a c t i v e  elements,  most probably A 1  . T h i s  paper and 

subsequent ones have ignored much of t h e  evidence presented  i n  t h e  f i r s t  

p a r t  of t h e  p re sen t  paper,  s p e c i f i c a l l y :  

26 

1. t h e  v a r i a t i o n  i n  d e n s i t y  of t h e  p l a n e t s  and moon and t h e  

d i f f e r e n c e  i n  composi t ion.of  t h e  sun and m e t e o r i t e s  and 

terrestr ia l  p l a n e t s ;  

2. t h e  i n d i c a t i o n s  t h a t  t h e  i ron m e t e o r i t e s  are fragments of 

small o b j e c t s  and no t  cores  of p l a n e t a r y  o b j e c t s  which  

must  r e s u l t  from i n t e r n a l  r ad ioac t ive  h e a t i n g ;  and 

3 .  t h e  evidence t h a t  some diamonds i n  m e t e o r i t e s  appear  t o  

have been made under high s teady p res su res .  

The i r  t heo ry  does not provide a method f o r  t h e  accumulation of p l a n e t a r y  

o b j e c t s ,  e i t h e r  t h e  a s t e r o i d s  o r  p l a n e t s ,  and i n  f a c t  ignores  t h e  f a c t  t h a t  

t h e  a s t e r o i d s  are d i s i n t e g r a t i n g  at t h e  p re sen t  t i m e .  

The  ob jec t  of t h i s  paper has not been t o  review exhaus t ive ly  a l l  t h e  

many papers  on me teo r i t e s  w h i c h  have appeared d u r i n g  r e c e n t  y e a r s ,  but  t o  

t r y  t o  b r i n g  t o g e t h e r  i n  b r i e f  form a number of l i n e s  of evidence and 

arguments from d i f f e r e n t  d i s c i p l i n e s ,  and t o  o u t l i n e  poss ib ly  a c o n s i s t e n t  

model f o r  t h e  o r i g i n  of var ious f e a t u r e s  of t h e  m e t e o r i t e s  and of t h e  

p l ane ta ry  system. 
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Table 1 - -- 

So 1 ar 
Monte System 

V a l u e s  des Norton 
t ormulae For t e s  Hainaut County Indarch Basalt 

54.88 

35.39 

4. I30 

2.53 

0.99 

0.18 

0.50 

0.44 

0.07 

0.41 

54.75 

35.28 

4.68 

2.85 

1.16 

0.22 

0.45 

0.43 

0.15 

0.00 

56.16 

42.04 

0.63 

0.58 

0. I3 

0.04 

0.07 

0.16 

0.06 

0.02 

61.25 

30.37 

2.52 

1.55 

1.75 

0.19 

0.82 

0.44 

0.10 

0.89 

55.59 

6.99 

17.99 

10.14 

3.52 

1.72 

0.35 

1.54 

0.51 

55.59 

34.88 

3.58 

2.54 

1.46 

0.159 

0.70 

0.48 

0.131 

0.345 

reo* 18.23 16.90 0.00 0.00 7.22 14.89 
-- - res" 8.47 7.81 1.37 24.67 0.00 

Metal* 11.12 25.45 0.77 45.23 0.00 --- 
--- h. lo Fe203 * 

Meteor i te  ana lyses  are by Wiik (1956).  A l k a l i s  by the  J. Lawrence 

S m i t h  method are usua l ly  somewhat too h i g h .  

These percentages are ca lcu la ted  on t h e  b a s i s  t h a t  a n l y s e s  above * 
the l i n e  add up to  loo%. 



S io2 
MgO 

FeO 

*l2'3 
C a O  

Na20 

K2° 

Cr203 
?In0 

T LO2 

'2'5 
Fe 

FeS 

*2 

Table  2 

I ron-  r i c h  Achondri tes  

Roda Tatahouine Moore Co. L e T e i l l e u l  Solar 
(Ro) 

50.38 

27.10 

14.91 

2.86 

1.42 

0.381 

0.31 ? 

0.64 

0.22 

0.04 

1.73 

0.50 

(Chl)  

54.94 

27.42 

14.35 

0.62 

0.76 

0.35 

0.26 

0.19 

0.79 

0.35 

0.14 

( Eu) 

48.16 

8.41 

15.02 

15.57 

11.08 

0.45 

0.09 

0.44 

0.31 

0.32 

0.82 

(Ho) 

48.14 

13.93 

16.71 

11.34 

7 -88 

0.22 

0.24 

0.53 

0.22 

0.19 

0.17 

0.27 

0.22 

System 

48.39 

30.36 

12.96 

3.12 

2.30 

1.27 

0.138 

0.61 

0.42 

0.114 

0.300 

Analyses  from t h o s e  l i s t e d  by Urey and C r a i g  (1953) 

were s e l e c t e d  as supe r io r  because done i n  t h i s  cen tu ry  

and many e lements  were repor ted ,  

i 



Table 3 -- 

Mas s Rad ius  Density Dens i t y  Percent  - p =  0 I r o n  
t = 25.C 
c- 

Moon 0.0123 .2728 3.34 3.41 + 10 

Mercury 0.0543 0.377 5.59 5.2 c 57 

1 "4.0 -30 
Venus 0.8137 0.957 

E a r t h  1 1 5.515 

Mars * 0.1077 0.520 4.22 3.8 (c. 30 

0.530 3.99 3.6 - 23 

Sun ( S i l i c a t e  metal f r a c t i o n )  .- 6 

L Chondri tes  

H Chondri tes  

3.57 22.33 

3.76 28.58 

* Dollfus  (1962) has remeasured t h e  r a d i u s  of Mars and s e c u r e s  a 
value nea r  t h e  l a r g e r  used i n  t h i s  t a b l e .  Because of t h e  large 

f l a t t e n i n g  of t h e  p l a n e t  which has n o t  been s a t i s f a c t o r i l y  exp la ined ,  

t h e  r ad ius  i s  s t i l l  unce r t a in .  



I 

I ’  

Table 4 

Tenper- 
W n s i t y  a t u r e  H 2p0H Unstable  Tine  

( cm) (gm/cm2) mass( gm) Years 

10.26 7.4~10’ 2 .6~10’  1 . 1 ~ 1 0 ~ ~  1 . 3 ~ 1 0  

3 Plane t  ( g d c m  1 ( O K )  

7 5 
Mercury 1 . 7 2 ~ 1 0 -  

6 

6 

6 

5 

5 

E a r t h  8.09 2 . 7 ~ 1 0 ~ ’  5 . 5 ~ 1 0 ~  3 . 2 ~ 1 0 ~ ~  5 . 9 ~ 1 0  

As te ro ids  4 . 6 ~ 1 0 -  6.53 1 . 1 ~ 1 0 ~ ’  1 . 0 ~ 1 0 ~  1 . 1 ~ 1 0 ~ ~  2 . 9 ~ 1 0  

J u p i t e r  7 . 1 ~ 1 0 - ~  5.85 2 . 7 1 ~ 1 0 ~ ~  3 . 9 ~ 1 0 ~  2 . 4 ~ 1 0 ~ ~  1 . 8 ~ 1 0  

Neptune 3 .7~10- l1  4.55 3 . 4 ~ 1 0 ~ ~  2 . 5 ~ 1 0 ~  2 . 2 ~ 1 0 ~ ’  7 x 10 

P lu to  1.6x10-” 4.44 5 . 0 ~ 1 0 ~ ~  1 . 6 ~ 1 0 ~  3 . 3 ~ 1 0 ~ ’  5 x 10 

4 1.59 2p0H = 5 . 5 ~ 1 0  /cm 
r 

2PoH2 TIC. dcd. 35 M g  
1 .99~1033  0.3 

2 .24~10  

28 

26 I: T o t a l  mass of nebula= 

( I t  is assumed that the  nebula d i d  not  extend beyond 35 i . 1  

Lunar mass 7 . 3 5 ~ 1 0  gm. Lunar mass p l u s  cosmic gases = 2 . 2 ~ 1 0  gm. 25 



Table 5 

Temperatures for formation of lunar-s ized o b j e c t s  

(m = 2 . 2 ~ 1 0  and 3 . 7 ~ 1 0  ) a t  va r ious  d i s t a n c e s  28 28 

from t h e  sun. 

2 .  1x10-6 P o =  * 3 
C 

= 5/3 except  a t  Mercury where it w i l l  be  about 

1.46 due t o  t h e  v a r i a t i o n  i n  hea t  c a p a c i t y  of 

para  hydrogen. 

T°K 
28 m = 3 . 7 ~ 1 0  28 Distance of m = 2 . 2 ~ 1 0  

Mercury 

Ea r th  

Ceres 

J u p i t e r  

Neptune 

P l u t o  

210 296 

88.7 125 

32 45 

17.5 24.7 

2.95 4.16 

2.04 2.88 



Table 6 

! i is tory of 
X e t e o r i t i c  Matter 

Pr imordial  s o l a r  matter 
I r o n  probably oxidized < Y 
an3 p o s s i b l y  excess  oxida- 
t ion of o t h e r  elements.  

High temperatures  t o  m e l t  
s i l i c a t e s  and m e t a l .  Re- 
d u c t i o n  of iron t o  metal. 
Heat ing above a s u r f a c e  g: 
r e d u c t i o n  by g a s ,  e.g. H2. 

High temperatures  and 
p r e s s u r e s  t o  produce (-> 

& 

\ v I 

I 
V I 

Events P o s t u l a t e d  

F l a t  d i s k  of g a s  and s o l i d s  
of s o l a r  composi t ion 

G r a v i t a t i o n a l  breakup i n t o  
approx . lunar-  s i z e d  o b j e c t s ,  
i . e . ,  t h e  primary objects. 

-& 
S o l i d s  c o l l e c t  a t  c e n t e r  of 
gas  sphe res  a t  some low 
temperature  

Gas sphe res  radiate energy, 
c o n t r a c t  and develop high 
temper, i u r e s  and p r e s s u r e s  
on s o l i d  body a t  c e n t e r  of 
gas  sphere. Me l t ing  and 
diamond format ion. 

.L 

& 

1 
Low p r e s s u r e s  and high Loss of gas .  P r e s s u r e  f a l l s ,  
t e q e r a t u r e s  t o  produce <-> c l i f t o n i t e  forms. Cooling t o  
c l  i f  t o n i t e .  f o m  Widmanstztten f i g u r e s  i n  

m e t e o r i t e s .  

Breakup of s o l i d  o b j e c t s .  
P r e f e r e n t i a l  l o s s  of si l icates.  
Accumulation of p l a n e t s .  

L J/ 
Slow coo l ing  t o  produce 
Widmanstatten figures. 
Soae p r e s s u r e  t o  produce 
n i c k e l - r i c h  a t a x i t e s .  
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Figure 3 - 

Gases of solar composition 
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